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Chapter 1: Introduction and thesis outline 
 
In 2015, many countries have adopted at UN level the 2030 Agenda for Sustainable Development and 
the Sustainable Development Goals, to protect the planet, end poverty and ensure prosperity for all, as 
part of a new sustainable development agenda UN (2015). The aquaculture and fisheries sectors will 
have an important role as source of employment, food security and nutrition (FAO, 2016b; FAO, 2016c). 
Aquaculture, the husbandry and farming of aquatic animals and plants, has expanded faster in recent 
decades than any other livestock sector. While aquaculture accounted for only 3–6 % of global fish 
supplies in the 1970s, today one consumed fish out of two has been farmed (FAO, 2016c; World Bank, 
2013). The aquaculture sector achieved a 7.5 % annual growth rate between 1990 and 2009, eclipsing 
the rapid growth rates of the pig (<2,5 %) and poultry (<5 %) sectors (Troell et al., 2014). On the other 
hand, the overexploitation of wild fishery stocks has led to a stagnation of production from captive 
fisheries. It has been reported that only 10 % of the wild stocks still have capture capacity (FAO, 2012). 
Any future expansion of aquatic supplies must thus come from aquaculture (Little et al., 2016). 
Although the rise of aquaculture is impressive, its development has not been without criticism, 
especially regarding environmental and social impacts (FAO, 2016b; FAO, 2016c). Effluent discharge, 
excessive use of resources (e.g. water, land) and the dependence on commercial feed (e.g. fish meal, 
fish oil and terrestrial derived ingredients) are the major environmental concerns (Granada et al., 2016). 
The culture of filter-feeding bivalves and seaweeds are far ahead on sustainability level in this regard, 
since these non-fed cultures do not rely on commercial feed, land or fresh water (Bostock et al., 2010; 
FAO, 2016c; Little et al., 2016) and can be classified as “extractive” aquaculture practice as bivalves 
extract organic particles (e.g. phytoplankton and detritus) and seaweed extract inorganic nutrients (e.g. 
nitrogen and phosphorus) from the environment  (Sorgeloos, 2013).  
This culture of filter-feeding bivalves is dominated by China, producing five times as much tonnage (12 
Mton) as the rest of the world in 2014 (FAO, 2016c). The top five cultivated bivalve species are the 
Pacific oyster (Crassostrea gigas), the Japanese carpet shell (Ruditapes philippinarum), the Yesso scallop 
(Patinopecten yessoensis), the blue and Mediterranean mussel (Mytilus edulis and Mytilus 
galloprovincialis) and the blood cockle (Anadara granosa) (Romero et al., 2012). Europe produced 0.63 
Mton of bivalves in 2014, with Spain, France and Italy as its major producers (FAO, 2016c). Apart from a 
confined oyster grow-out in Ostend, Belgium has no significant bivalve culture; however, bivalve 
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consumption in Belgium is very high with a blue mussels consumption of 27 000 ton year-1 (3.5 kg capita-
1 year-1) with per capita consumption varying from less than 200 g to nearly 4 kg (FAO, 2016e; Monfort, 
2014).  
Mussels are a very healthy food, i.e. low in fat and calories, and an excellent source of sodium (2.86 g kg-
1 ww), selenium (0.89 mg kg-1 ww), vitamin B12 (0.24 mg kg-1 ww), zinc (27.06 mg kg-1 ww), and foliate 
(0.75 mg kg-1 ww). Furthermore, mussels are a moderately priced source of marine proteins (Monfort, 
2014). Aquaculture is by far the main source of mussels and is responsible for over 90 percent of total 
landings. Mytilus edulis and Mytilus galloprovincialis are the two main species harvested and cultivated 
in Europe (Monfort, 2014).  
Mussel culture is hundred percent capture based, meaning that mussel larvae (spat) are collected from 
the wild and transferred to grow-out systems till they reach market size (FAO, 2016d). This practice is 
common for many aquaculture species for which the life cycle is not closed yet in captivity (FAO, 2016c). 
However, regarding Mytilus sp., hatchery technology is available but seldom applied due the low market 
price of the end-product and a problematic larviculture (Helm and Bourne, 2004; Kamermans et al., 
2013; Spencer, 2002). However, hatcheries are the only viable solution to support the husbandry of 
bivalve molluscs due to the depletion and/or overexploitation of their natural beds (Dubert et al., 2017). 
For mussels, a shortage in natural seed supply has been reported over the past decades in different 
mussel producing countries, including the Netherlands (Kamermans et al., 2013). It is important to have 
hatcheries operational proactively so that they are ready to provide seed when a shortage of natural 
seed occurs. Hatcheries are also essential for the development of selective breeding programmes . 
Features that could be improved by selective breeding are disease resistance,  predator resistance (e.g. 
by increased bysuss production and shell thickness), survival after seeding (stress resistance)(Capelle et 
al., 2016), decreased unwanted reproduction  (e.g. by introducing triploidie), increased meat content  
and growth rate.  
 Although bivalve hatchery technology is available, due to its limited use, the technology is not optimal  
and selective breeding of mussels  is rare (Kamermans et al., 2013). As in many bivalve larvicultures, 
mass mortalities occur in dense larval cultures of blue mussels . The underlying cause of mass mortality 
events in aquaculture is often of microbial origin (Powell et al., 2013). Similar to blue mussels, several 
species of aquatic animals suffer from highly unpredictable larval survival rates (Sainz-Hernandez and 
Maeda-Martinez, 2005), or their larviculture simply is not feasible as a result of bacterial diseases 
(Vadstein et al., 2013). Vibrios are amongst the major bacterial pathogens of marine organisms and have 
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been generally recognized as (opportunistic) pathogens for several bivalves (Beaz-Hidalgo et al., 2010; 
Genard et al., 2013; Jorquera et al., 2001; Lemire et al., 2015; Travers et al., 2015). In addition to the 
presence of pathogens, environmental factors (most notably temperature and the availability of 
nutrients) have a strong impact on whether or not disease and mortality effectively will occur (Lokmer 
and Wegner, 2015).  
 
A trend towards hatchery production of the blue mussel is to be expected in the future. In addition to 
the unsustainable nature of any capture based aquaculture, irregular spat settlement has affected 
natural blue mussel populations in many European waters over the last 10 years (FAO, 2016d). 
Moreover, without a successful mussel larviculture, the potential of selective breeding cannot be 
explored (Beaumont et al., 2006). Aquaculture trails far behind terrestrial production in utilizing genetic 
improvement as a tool to enhance production efficiency. Less than ten percent of the aquaculture 
production was based on genetically enhanced stocks (Gjedrem, 2000). However, an average genetic 
gain in growth rate of 12.5 % per generation is reported in most fish and shellfish upon implementing a 
breeding program (Gjedrem, 2000). Breeding programs can also focus on resistance to disease. 
 
Disease outbreaks are considered to be a significant constraint to the development of the aquaculture 
sector, causing important financial losses (FAO, 2014). In the past decades, bivalve aquaculture has been 
affected by diseases, both in larval, juvenile and adult stages, sometimes causing the collapse of entire 
industries (Carnegie et al., 2016; Petton et al., 2015b). Mortalities in bivalves have been associated with 
viruses, bacteria and protozoa, leading to mortality at each developmental stage (Braby and Somero, 
2006; Carstensen et al., 2010; Pipe and Coles, 1995). However, Mytilus sp. (marine mussels) have long 
been considered to be robust and resistant to disease because of a well-working immune system 
(Philipp et al., 2012; Tanguy et al., 2013; Venier et al., 2011). Indeed, until the start of this research 
(2010), very few mass mortality events had been reported in blue mussel grow-out, and those that 
occurred were reported to be associated with adverse environmental conditions (such as non-optimal 
temperature, desiccation, storms and wave action and siltation), bio deposits, intra- and interspecific 
competition and predation rather than pathogenic effects (Venier et al., 2011). No bacterial pathogens 
causing mortality of blue mussels have been documented. However, since 2010 the blue mussel culture 
in France (Ben Cheikh et al., 2016; Oden et al., 2016) and the Netherlands (Pauline Kamermans, personal 
communication) have been hit by severe mass mortalities and no causative agent has been identified.  
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A good anatomical insight of the host is required to study, understand and cure diseases. However, the 
most recent detailed anatomical descriptions and illustrations of the blue mussel date back to the 19th 
century (Purdie, 1887; Sabatier, 1877) and therefore, an anatomical description based on up-to-date 
technology would be very useful.   
Thesis outline 
Mussels are considered to be robust model organisms (Tuffnail et al., 2009) and are used to investigate 
and elucidate the basic physiological principles that rule the defense mechanisms in molluscs (Tanguy et 
al., 2013). The general objective of this study was to obtain a better understanding of the interactions of 
Mytilus edulis (adults and larvae) and bacterial pathogens Figure 1-1.  
 
 
Figure 1-1: Schematic overview of the topics addressed in this thesis. 
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A review of the relevant literature is presented in Chapter 2. Since no pathogens had been described 
that are able to cause mortality in the blue mussel, we verified whether opportunistic pathogens are 
associated with wild-caught blue mussel adults (Chapter 3).  In order to stimulate the growth of mussel 
associated heterotrophic bacteria, dissolved nutrients were added to the rearing water, thereby 
simulating the high organic load of densely stocked aquaculture systems. In Chapter 4, bacteria 
belonging to the Vibrionaceae were isolated and the impact of these isolate on blue mussel larviculture 
is verified using a newly developed immersion challenge test. In Chapter 5, we visualize and describe the 
anatomy of adult blue mussel using state-of-the-art 3D technology. This research provides novel insights 
in mussel anatomy and will e.g. pave the way for a correct hemolymph withdrawal (which is essential to 
study the mussel’s immune system).  In Chapter 6 we start to unravel the mechanisms by which 
pathogens cause disease in mussel larvae as a first step in the development of alternatives to antibiotics 
for the prevention of mass mortalities. The most important findings are highlighted and discussed in 
Chapter 7 together with our final conclusions and future perspectives.  
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Chapter 2: Literature review and research 
objectives 
Host-pathogen interactions 
Disease is generally known to be the result of an imbalance in the host-pathogen-environment 
continuum (Figure 2-1) (Defoirdt et al., 2011). As long as there is equilibrium between these three 
factors, no disease will occur. However, when one or multiple factors get disturbed such as handling 
stress for the host or the nutrient load of the environment or the acquisition of a virulent plasmid by the 
pathogen, disease can occur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1: The host - environment - pathogen continuum as strategy to prevent and control bacterial disease in aquaculture 
(Redrawn after Defoirdt et al. (2011). 
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2.1. The blue mussel Mytilus edulis  
2.1.1 Mussels and aquaculture: production of species belonging to the Mytilus 
edulis complex 
Mussels within the Mytilus edulis complex (Mytilus species complex) have been divided into three 
phenotypically similar species: the blue mussel (Mytilus edulis), the Mediterranean mussel (Mytilus 
galloprovincialis) and the Pacific mussel (Mytilus trossulus) (Gurney-Smith et al., 2017). Species within 
this complex can hybridize when they live in proximity (Innes and Bates, 1999). Many of these 
hybridizing zones have been studied extensively in research fields ranging from evolutionary genetics to 
ecology (Gardner, 1994; Gardner and Thompson, 2001; Riginos and Cunningham, 2005). Within Europe 
several regions are described where pure, mixed and hybrid populations occur in a patchwork pattern 
(Koehn, 1991). Nevertheless, from an aquaculture point of view, southern Brittany (France) is 
considered as the boundary between Mytilus edulis to the north and Mytilus galloprovincialis to the 
south and all mussels from the Baltic sea are reported as Mytilus trossulus (FAO, 2016a). The natural 
occurrence zones of pure Mytilus sp. and their hybrid zones worldwide are illustrated in Figure 2-2.  
 
Figure 2-2: Natural occurrence zones of Mytilus edulis (red), Mytilus galloprovincialis (yellow) and Mytilus trossulus (blue) and 
their hybrid zones (pink). Adapted from Springer and Crespi (2007). 
Although all three species can easily be differentiated by genetic testing, their production levels are 
difficult to interpret due to historical traditions. Spain for example, reported its entire mussel production 
as Mytilus edulis although it solely produces Mytilus galloprovincialis, hereby referring to the Mytilus 
edulis complex instead of to the species (Kamermans et al., 2013). Today some countries, including 
Spain and China, report their mussel production as Mytilidae or ‘Sea mussels nei’ (FAO, 2016e) without 
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specification to species level. According to FAO China produces merely Mytilus galloprovincialis. The 
production levels reported in this thesis (Table 2-1 and Table 2-2) therefore include Mytilus edulis, 
Mytilus galloprovincialis and Mytilidae. Mytilus trossulus has little commercial importance and was 
excluded. The relative values per ton seem to differ largely between countries. Although FAO reports all 
values as landing values, these large differences in value suggest that the reported data are in fact a 
mixture of retail and landing values. 
 
Table 2-1: Global production in quantity (MT) and value (10
3
 USD) of Mytilus edulis and Mytilus galloprovincialis in 2014 . 
Adapted from FAO (2016c). 
Continent Species Production (ton) Value 
(USD)** 
Africa Mytilus edulis 15 60 
  Mytilus galloprovincialis 1 038  2 227  
Total Africa   1 053  2 287  
Americas Mytilus edulis 27 212  50 593  
  Mytilidae* 411 926 
Total Americas   27 623  51 520  
Asia Mytilidae* 805 583  209 452  
Total Asia   805 583  209 452  
Europe Mytilus edulis 158 206  393 090  
  Mytilus galloprovincialis 115 225  124 373  
  Mytilidae* 222 543  148 960  
Total Europe   495 974  666 423  
Global total  1 330 233 929 681  
      * According to FAO, Mytilidae (or Sea mussel Nei) consist merely of Mytilus galloprovincialis 
      ** Landing value 
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Table 2-2: European production in quantity (MT) and value (10
3 
USD) of Mytilus edulis and Mytilus galloprovincialis in 2014. 
Adapted from FAO (2016e). 
Land Area Species Production (ton) Value 
(USD)** 
Albania Mytilus galloprovincialis 1500 1139 
Bosnia and Herzegovina Mytilus galloprovincialis 40 244 
Bulgaria Mytilus galloprovincialis 2520 2945 
Channel Islands Mytilus edulis 39 105 
Croatia Mytilus galloprovincialis 714 1110 
Denmark Mytilus edulis 1810 1776 
France Mytilus edulis 61000 153614 
 Mytilus galloprovincialis 14100 30218 
Germany Mytilus edulis 5280 16909 
Greece Mytilus galloprovincialis 16678 8444 
Iceland Mytilus edulis 144 144 
Ireland Mytilus edulis 11374 17987 
Italy Mytilus galloprovincialis 79000 79574 
Montenegro Mytilus galloprovincialis 178 331 
The Netherlands Mytilus edulis 54300 141642 
Norway Mytilus edulis 13 48 
Portugal Mytilidae* 1297 1068 
Romania Mytilus galloprovincialis 2 3 
Russian Federation Mytilidae* 798 1037 
Slovenia Mytilus galloprovincialis 422 281 
Spain Mytilidae* 220449 146854 
Sweden Mytilus edulis 1746 1557 
Ukraine Mytilus galloprovincialis 70 84 
United Kingdom Mytilus edulis 22500 59307 
Europe Mytilus edulis 158206 393090 
 Mytilus galloprovincialis 115225 124373 
  Mytilidae* 222543 148960 
Total Europe  495974 666423 
      * According to FAO, Mytilidae (or Sea mussel Nei) consist merely of Mytilus galloprovincialis 
      ** Landing value 
The global total mussel production approached 2 Mton in 2014, from which 1.3 Mton are Mytilus edulis, 
Mytilus galloprovincialis and ‘Sea mussel nei’ (FAO, 2016e). Mussel production takes primarily place in 
China and Europe (2014), accounting for 0.8 Mton and 0.5 Mton respectively (FAO, 2016e). Spain is the 
biggest European producer in volume, with over 0.22 Mton (Table 2-2). The global average value of both 
species is 0.70 USD/kg but within Europe this value is almost double (1.34 USD kg-1), with the highest 
value for Mytilus edulis (2.21 USD kg-1) (FAO, 2016e). 
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2.1.2 Life cycle 
The blue mussel is a dioecious species (Helm and Bourne, 2004), having the male and female organs in 
separate and distinct individuals. Adult animals are in general fertile from one year onwards during the 
reproductive season. The previtellogenesis (formation of oogonia) transpires during the winter, when 
food availability is limited, and is fueled by the mussel’s glycogen reserves (Bayne, 1976). The actual 
vitellogenesis (formation of oocytes) occurs over a shorter period and involves the storage of lipids in 
the egg yolk. The triggering factor for spawning is a combination of (1) internal factors such as nutrient 
availability and hormonal cycle and (2) external factors such as food availability, temperature, salinity 
and tidal changes (Bayne, 1976; Giese et al., 1974). The most influencing factors are water temperature 
and food availability (Gilbert, 1989). At the moment of spawning, eggs and sperm are released from 
their follicles and pass through the gonoduct towards the genital papilla and are subsequently released 
through the exhalent siphon into the surrounding seawater (Bayne, 1976). Female mussels can produce 
up to 107 eggs g-1 tissue dry weight, while males are able to release a corresponding 1.1 x 1011 sperm 
cells (Thompson, 1979). Male mussels generally spawn prior to the females since sperm triggers the 
release of the eggs (Gosling, 2003). 
Different stages in the life cycle of a mussel can be observed in Figure 2-3. Fertilized eggs have a 
diameter of 68-70 μm and undergo meiotic divisions accompanied with the release of two polar bodies. 
Within 24-48 hours after fertilization, the ciliated embryo will pass through the blastula and gastrula 
stages and develop into the first motile planktonic stadium (trochophore). A trochophore larva is not yet 
capable to eat on its own and will rely on its internal yolk material for its energy requirements. The 
subsequent veliger stages do have a feeding apparatus formed by a circular velum that is foreseen of 
cilia, also serving to keep the larvae suspended. The prodissoconch I stage (further referred to as D-
larvae), is characterized by a straight-hinge D-shape of a thin transparent shell. The prodissoconch II 
stage (or II-stage veliger larvae) has a clearly visible umbone. During the eyed-and pediveliger larvae 
stages, respectively an eyespot and foot will start to develop. A fully grown pediveliger will settle down 
and metamorphose into spat by developing a hard shell. This primary settlement is also called spat fall. 
When the juveniles are about 1-1.5 mm they can easily detach themselves from the substrate and move 
to better location by crawling or floating in the water column before they finally settle using their byssus 
threads. The duration of the complete larval stage (until settlement) varies between 15 and 35 days, and 
depends on population and environmental factors, mainly temperature. Indeed, the metabolic rate of 
the animals is dictated by the temperature of the water (Bayne, 1976; Helm and Bourne, 2004; Zaidi et 
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al., 2003). The optimal temperature for blue mussel larval development is 16°C (Helm and Bourne, 
2004). 
 
Figure 2-3: The life cycle of Mytilus edulis from fertilization to juvenile. (a) Oocyte surrounded by sperm.  (b) Fertilized oocyte 
with polar body. (c) 2 celled embryo with polar body. (d) 4-8 celled embryo. (e) Trochophore larvae. (f) 7 day old D-larvae. (g) 
13 day old swimming D-larvae. (h) Larvae with distinct eye spot. (i) Pediveliger larvae with developed foot. (j) Metamorphosed 
spat with foot and gill filaments. (k) Submerged rope with settling spat. (l) Juvenile mussels mounted in a net for grow-out. 
Adapted from Kamermans et al. (2013). 
Spawning in nature usually happens when the feed load in the water is on the increase, in order to avoid 
starvation of the newly born larvae (Giese et al., 1974). Blue mussels are active filter-feeders. From the 
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early larval stage onwards, cilia are used to remove particles from suspension. Food particle size is 
limited as the larval esophagus is just about 10 μm wide (Bayne et al., 1982). Nevertheless, the young 
larvae can survive up to 10 days (at 16° C) without food (Bayne, 1965). Adult animals on the other hand 
are known to retain particles within a size range of 7-35 μm (Strohmeier et al., 2012). These food 
particles mainly comprise unicellular algae and particulate organic material. Also bacteria have been 
found to make out a significant part of the food, and thus serve as a substantial source for the carbon 
and nitrogen requirements (Birkbeck and McHenery, 1982).  
 
2.1.3 Mussel culture methods 
2.1.3.1 Larviculture 
Mussel culture is almost a hundred percent capture based, meaning that mussel larvae (spat) are 
collected from the wild and transferred to grow-out systems till they reach market size (FAO, 2016d). 
This practice is often seen in aquaculture, as for many aquaculture species in captivity, the life cycle is 
not closed (FAO, 2016c). Regarding Mytilus. sp. hatchery technology is available, but seldom applied. 
Some hatchery production exists in areas where Mytilus sp. did not occur naturally. At the west coast of 
the US and Canada (British Columbia) for example, where Mytilus edulis and Mytilus galloprovincialis are 
being produced in hatcheries (Buck et al., 2017). Also in Washington State, hatchery produced seed is 
used for culturing Mytilus galloprovincialis. Currently, the largest larvae production takes place in Nelson 
(New Zealand) for New Zealand green-lipped mussels, Perna canaliculus (Buck et al., 2017). 
The motivation for the capture based grow-out is mainly economical, the low market price of the 
mussels being the most important factor but, as for all bivalves, larviculture is very expensive. One of 
the bottlenecks for a cost-effective larviculture of bivalves are the mass mortalities occurring in dense 
larval cultures (Helm and Bourne, 2004; Kamermans et al., 2013; Spencer, 2002). Little research efforts 
have been done to tackle this problem in mussels (Kamermans et al., 2013).  
The materials (e.g. ropes, bamboo– and wooden poles) and techniques (e.g. suspension from rafts and 
longlines, scraping) that are used for natural spat collection depends on suitability, local availability, 
durability, cost and local legislation (Spencer, 2002). Wild seed is thus collected, either by capturing 
competent (=ready to settle) larvae by means of mussel seed collectors or by fishing young mussel seed 
(2 cm) from natural mussel banks, which is predominantly applied in the Netherlands, Germany and 
Denmark (Buck et al., 2017). Although the collection of bivalve spat for grow-out, as in the case of blue 
mussels, is generally perceived as being sustainable (FAO, 2016c), over-exploitation and harmful 
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spat/seed collection methods have recently led to restrictions and stronger regulations. In the 
Netherlands for example, a gradual change from subtidal mussel dredging towards suspending mussel 
spat collectors in the water column (28 % in 2014) is being implemented, and alternative spat 
production methods are encouraged, both driven by ecological and economical motives (Ministry of 
Economic Affairs, the Netherlands, 2014). Moreover, irregular spat settlement over the last 10 years, 
has affected natural blue mussel populations in many European waters (FAO, 2016d). Also in Atlantic 
Canada difficulties related to a reliable seed supply are reported (Brake et al., 2001). Fluctuations of 
natural conditions, predominantly temperature, can lead directly (higher survival) and/or indirectly 
(shifts in predator/pathogen populations) to fluctuations in natural spat availability, which is translated 
in unpredictable production and performance levels. Hatchery-production could provide an alternative 
source of seed, enabling reliable expansion of the industry (Galley et al., 2010). These trends can lead to 
a shift towards (partial) mussel spat production in hatcheries.  
2.1.3.2 Grow-out 
The culture technique used is greatly influenced by the seed availability (Buck et al., 2017). After 
collection of wild seed, juvenile mussels of approximately 10-20 mm are stocked for grow-out in 
different ways (Figure 2-4), mainly off -bottom (85 %) and to a lesser extent on-bottom (15 %). The 
latter technique is merely practiced in the Netherlands but is also being applied in the UK, Germany, 
Ireland and the US (Buck et al., 2017). In short, mussel juveniles are transferred from areas where they 
have settled naturally to sheltered beds where the stocking density is managed to improve productivity 
and market value (Seaman and Ruth, 1997). There are 3 main off-bottom culture methods: bouchot 
(French mussel culture on tidal poles), raft and longlines. The latter two are suspended cultures. Raft 
culture, in which mussels are suspended on ropes or in socks from moored rafts, is mainly applied in 
Spain, Scotland and South Africa. Longline mussel culture finally can be applied in a wide variety of 
environments, from open sea to enclosed areas. Many longline systems exist ranging from single 
suspended ropes to continuous lines that are hung from a series of backlines, anchored at both ends 
and floated in the water by buoys. Mussels on longlines are grown on lines or socks (Spencer, 2002). 
Harvesting is often done manually but there is a shift towards mechanization in which e.g. a machine 
lifts and strips the ropes, washes, separates and packs the mussels into bags. Production time for the 
blue mussel from settlement to market size varies between 18 and 36 months, depending merely on 
environmental circumstances (e.g. seawater temperature and phytoplankton concentration) (Buck et al., 
2017). 
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Figure 2-4: Mussel culture methods : (a) Drawing of bottom culture plots, (b) harvest of bottom culture mussels, (c) culture 
techniques according to FAO, (d) hang culture on single suspended ropes, (e) bouchot culture in socks and (f) hang culture on 
continuous lines. References from http://fishandseason.com/fishingtechniques (a), 
Http://www.fao.org/fishery/culturedspecies/Mytilus_edulis/en (c), http://www.dfo-mpo.gc.ca/aquaculture/acrdp-
pcrda/fsheet-ftechnique/issue-fiche-10-eng.html (d), https://reporterre.net/Les-moules-du-Mont-Saint-Michel-etouffent-la-
baie-magnifique (e), https://www.hangcultuurmosselen.nl/kweek (f). 
2.1.3.3 Breeding programmes 
Before any selective breeding programme is possible, functional hatchery and nursery infrastructure to 
spawn and rear mussels needs to be developed (Beaumont et al., 2006). The potential of selective 
breeding in bivalves is still largely untapped. A 10 month reduction in time to reach marked size was 
obtained for the Sydney rock oyster (Saccostrea glomerata) after 3 generations (Nell, 2008) and a good 
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selection response for growth rate was achieved for Ostrea chilensis (Toro et al., 1995). Although 
environmental effects are very strong on mussel growth, genetic variation in growth rate has been 
documented (Mallet et al., 1986). Reasonably high heritability has been estimated for larval and juvenile 
growth in mussels (Mallet et al., 1986; Stromgren and Nielsen, 1989). These facts suggest that there is 
considerable capacity for breeding programmes to provide improved strains. In New Zealand, the 
Cawthron Research Center is running a selective breeding programme for the greenshell mussel (Perna 
canaliculus). Triploid mussels have been produced experimentally in the laboratory (Beaumont and 
Fairbrother, 1991) and also at pilot commercial scale in Canada (Brake et al., 2004). Triploid mussels are 
sterile and retain product quality during and after the spawning period and field evaluations 
demonstrated a greater growth rate over diploid mussels (Brake et al., 2004). On the west coast of the 
USA, mussel hatcheries produce triploid mussels, as a safer alternative to diploid specimens seen their 
non-native nature along these coasts. No details are available neither on Chinese efforts regarding 
hatchery culture (Mytilus galloprovincialis) nor on Chinese selective breeding programs.  
 
2.1.4 Occurrence  
Mussels can be found in a wide variety of ecological niches, ranging from littoral to shallow sub-littoral 
and from polyhaline to mesohaline estuarine environments (Gosling, 2003). This broad range of niches 
resulted in far-going physiological adaptations. The temperature tolerance therefore mainly depends on 
the length of the acclimatization and adaptation period. In laboratory conditions, the upper lethal 
temperature was estimated at 27-29 °C (Calabrese and Vernberg, 1977). Low water temperatures are 
generally well tolerated by adults and some populations in the Labrador Sea (North Atlantic Ocean) 
survive being frozen for 8 months (Bayne, 1976). 
 
2.1.5 Anatomical features of blue mussels 
This paragraph highlights the basic anatomical features of bivalves in general, and where possible 
specifically for mussels, based on the information that was available in the scientific literature at the 
start of this PhD research. In Chapter 5, the anatomy of Mytilus edulis is described into detail based on 
the state-of-the-art imaging used in this thesis.  Detailed studies regarding the anatomy of Mytilus sp. go 
back to the late 19th century, although some descriptions for mussel dissection can be found online (Fox, 
2006). Sabatier, wrote in 1877 a detailed description of the anatomy of Mytilus edulis which only exists 
in French (Sabatier, 1877) and ten years later Purdie (1887) compared the anatomy of Mytilus latus and 
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Mytilus magellanicus with the anatomy of Mytilus edulis, based on Sabatier’s work. Their findings are 
too detailed to be discussed here and will be reviewed in Chapter 5.  
 
Figure 2-5: Lateral view on the right shell of the blue mussel Mytilus edulis explaining some terminology needed for orientation. 
From https://www.pinterest.com/pin/140526450847563504. 
 Figure 2-5 illustrates the exterior of Mytilus edulis explaining some terminology needed for orientation.  
2.1.5.1 Visceral mass 
The visceral mass of the blue mussel is situated in the dorsal body-half. Figure 2-6 and Figure 2-7 show a 
general overview of the mussel’s organs. 
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Figure 2-6: Gross anatomy of Mytilus edulis. Bold lines show the cross section location from Figure 2-7. From Howard et al. 
(2004) 
 
 
Figure 2-7: Illustration of a cross section of Mytilus edulis. The bold lines in Figure 2-6 show the location of this cross-section. 
From Howard et al. (2004). 
Chapter 2: Literature review and research objectives 
 
23 
 
The gastro-intestinal system 
Bivalves possess differentiated gut segments, i.e. labial palps, oesophagus, stomach and intestinal 
segments including the caudal rectum ending in the anus.  
Each gill terminates within a pair of triangular shaped labial palps that are situated on either side of the 
mouth. The inner surface of each palp is folded into numerous ridges and grooves that carry a 
complicated series of ciliary tracts (Gosling, 2003). The main function of the labial palps in mussels is to 
continually remove material from the food tracts on the gills in order to prevent gill saturation. In dense 
suspensions, sorting and rejection tracts on the palps channel most of the filtered material away from 
the mouth and deposit it as pseudofeces so that the animal can continue to filter and ingest at an 
optimum rate (Bayne, 1976). The pseudofeces are carried along rejectory tracts on the mantle to the 
inhalant syphon and periodically forcefully ejected through this opening. 
 Other food particles move along acceptance tracts on the labial palps towards the ciliated mouth. The 
mouth leads into a narrow ciliated oesophagus that moves food particles from the mouth into the 
stomach.  
 
Figure 2-8: Bivalve stomach showing rotation of crystalline style and winding of food string. From Gosling (2003). 
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The stomach is large and oval shaped and lies completely embedded in the digestive gland, which opens 
into it by several ducts. The crystalline style of bivalves, originates in the style sac at the posterior end of 
the stomach and projects forward and dorsally across the cavity of the stomach to rest against the 
gastric shield, a thickened area of the stomach wall (Figure 2-8). The projecting anterior end of the style 
is rotated against the gastric shield by the style sac cilia, and in the process the style end is abraded and 
dissolved, releasing carbohydrate-splitting enzymes in the process (Gosling, 2003). In intertidal bivalves, 
such as oysters, the style is not a permanent structure. It dissolves at low tide when the animal is not 
feeding and is reformed when the tide comes in (Langton and Gabbott, 1974).  
The intestine leaves the stomach and ends in the rectum (Brusca et al., 2002). The rectum extends 
longitudinally through the mantle cavity but is enclosed for most of its length by the ventricle of the 
heart (Fox, 2006; Hickman, 2011).  
The rectum terminates at the anus, which is typically located in the mantle cavity near the exhalant 
water flow (Brusca et al., 2002). 
The cardiovascular system 
Blood cells 
Invertebrate blood cells (hemocytes) participate in functions similar to their counterparts in vertebrates, 
that is, blood coagulation, immunological defense, and oxygen transport (Munoz-Chapuli et al., 2005). 
Some authors distinguish hemocytes into coelomocytes and hemocytes according to whether they were 
found in the coelomic or hemal cavity of bivalves respectively (Smiley, 1994). In bivalves, hemocytes 
circulate freely in hemolymph vessels, coelomic spaces and connective tissues. Hemolymph, has an 
important role in different physiological systems, such as gas exchange, nutrient distribution, 
osmoregulation, waste elimination and internal defense (Gosling, 2003; Pruzzo et al., 2005). 
Open circulatory system and vascular lining 
The main body cavity of invertebrates, including bivalves, consists of an open circulatory space or 
hemocoel, comprising several separate sinuses and a network of blood vessels (Brusca et al., 2002). 
Transport of oxygen, nutrients, and metabolic waste is performed by both systems: the coelom and the 
hemal system (Munoz-Chapuli et al., 2005). Coelomic cavities are lined by a mesothelium, whereas 
hemal cavities are lined by the basement membranes of different types of epithelia. Hemal cavities can 
be surrounded by a single layer of myoepithelial cells. As myoepithelial cells are contractile, their 
presence renders some vessels capable of beating (Munoz-Chapuli et al., 2005). Myoepithelial 
differentiation of the coelomic cells covering hemal spaces is frequent. Most invertebrate hearts are also 
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constituted by a single layer of myoepithelial cells that are sometimes continuous with the coelomic 
epithelium. Instead, vertebrates show a closed, endothelium-lined system of vessels endowed with 
smooth muscles, as well as a thick-walled heart (Munoz-Chapuli et al., 2005). Depending on the author, 
the term “endothelium” has been either restricted to the continuous cell layer of the vertebrates, as is 
assumed by Munoz-Chapuli et al. (2005), or applied to all the cells able to adhere to the luminal surface 
of the vascular basement membrane (Casley-Smith, 1980). 
Heart 
The heart is the chief blood-propelling organ in bivalves (Narain, 1976). It lies dorsally and is surrounded 
by the pericardial cavity, a coelomic space lined with a serous layer or pericardium. The pericardium is 
translucent in mussels (Fox, 2006). The mussel heart is associated with the rectum in the anterior part of 
the pericardial cavity and consists of a single ventricle and paired, membranous atria (auricles) 
(Hickman, 2011; Seo et al., 2014). The two atria occupy most of the length of the pericardial cavity and 
are posteriorly attached to one another. Although Fox (2006) did not report a luminal connection based 
on anatomical dissection, Seo et al. (2014) observed a posterior connection between both atria in 
Mytilus galloprovincialis as is illustrated in Figure 2-9.  
 
Figure 2-9: Blood flow in the heart of Mytilus galloprovincialis. From Seo et al. (2014).  
The auricular wall of Mytilus edulis contains podocytes (Andrews and Jennings, 1993). This is currently 
accepted as diagnostic of a site of filtration and formation of urine (Seo et al., 2014). The filtration of 
hemolymph over the auricular wall is assumed to be driven by pressure caused by contraction of the 
ventricle, increasing the pressure in the atria. The filtered hemolymph reaches the pericardium and 
flows further to the kidney via the nephrostome into the renopericardial canals (Seo et al., 2014).  
Hemolymph flow  
The mussel atria receive venous blood return from the anterior oblique veins, including oxygenated 
hemolymph from the gills, passes through the atria and via the auriculo-ventricular valves into the 
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ventricle (Figure 2-9) (Brusca et al., 2002; Seo et al., 2014). The bivalves blood, which is pumped 
anteriorly by the ventricle into the anterior or cephalic aorta, flows further into the sinuses of the foot 
and the viscera, and posteriorly to the mantle sinuses (Brusca et al., 2002).  
 
 
Figure 2-10: Schematic illustration of cardiovascular system of bivalves. From Brusca et al. (2002). 
The arteries break up into a network of vessels, which join together to form veins and then end into 
three extensive spaces, the pallial, pedal and median ventral sinuses, bathing the tissues directly (Figure 
2-10). From the sinuses the hemolymph is carried to the kidneys for purification. In Mytilus sp. some of 
the hemolymph from the kidney network enters the gills and passes after oxygenation back to the 
kidneys and consequently back to the atria. However in most bivalves all hemolymph passes the gills 
and the oxygenated hemolymph flows straight from the gills to the heart. An overview of the venous 
system of Mytilus edulis according to Sabatier (1877) can be observed in Figure 2-11. The kidneys are 
not drawn but should be located dorsally to the anterior part of the horizontal vein (Sabatier, 1877). 
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Figure 2-11: Venous system of Mytilus edulis. From Sabatier (1877). 
All bivalves have well-developed circulatory pathways through the mantle, which serve as an additional 
site of oxygenation. After the oxygen is used, the hemolymph flows back to the heart via a venous 
system (Gosling, 2003).  
The excretory system 
 
Figure 2-12: The circulatory system of Mytilus edulis, showing the kidney. From Gosling (2003). 
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There are two types of excretory organs in bivalves, the pericardial glands and the paired metanephridia 
(kidneys) (Figure 2-12) (Galtsoff, 1964; Potts, 1967). 
In Mytilus sp. the reddish-brown U-shaped metanephridia lie ventral to the pericardial cavity and dorsal 
to the gill axis. They extend the complete length of the gill axis from the labial palps to the posterior 
adductor muscle (Gosling, 2003). The metanephridia are composed of a tubular structure on both sides 
of the visceral mass at the base of the gills, one central tubule giving rise to numerous blind ending 
branches (Figure 2-13) (Pirie and George, 1979).  
The tubular metanephridia of bivalves open into the pericardial coelom via a renopericardial duct 
(Sunila, 1989). Pericardial fluid passes through the nephrostome and into the nephridium, where 
selective resorption occurs along the tubule wall until the final urine is ready to pass out to the 
nephridiopore into the mantle cavity, often near the anus (Brusca et al., 2002; Gosling, 2003).  
 
Figure 2-13: Schematic representation of the excretory system and associated vascular system of Mytilus. (A) Left lateral view. 
(B) Transverse section. The arrows indicate the direction of fluid flow. Abbreviations: A, atria; ABV, afferent branchial vein; AOV, 
afferent oblique vein; EBV, efferent branchial vein; EP, excretory pore; GA, gonadal aperture; GD, gonadal duct; K, kidney; LV, 
longitudinal vein; M, mantle; P, pericardium; PAM, posterior adductor muscle; PC, pericardial cavity; PG, pericardial gland; PM, 
plicate membrane; R, rectum; RA, renal artery; RPC, renopericardial canal; RPF, renopericardial funnel; S, sinus; V, ventricle. 
From Pirie and George (1979). 
Chapter 2: Literature review and research objectives 
 
29 
 
2.1.5.2 Mantle and pallial cavity  
The bivalve mantle consists of connective tissue with hemolymph vessels, nerves and muscles and 
encloses the internal organs. In mussels it is the site for gametogenesis (contains most of the gonads) 
and storage for nutrient reserves. The pallial cavity (mantle cavity) is located in between the two mantle 
lobes and the internal organs.  
 
Figure 2-14: Filtrating mussel. The arrows show the direction of the water flowing through the inhalant syphon and out through 
the exhalant syphon (a) Drawing. (b) Picture. From Vattenkikaren (2000).  
Seawater enters the pallial cavity through the inhalant syphon, which is continuous along the length of 
the mussel’s ventral surface (Figure 2-14 a, b). The mantle cavity below the gills is called the 
infrabranchial (or inhalant) chamber, above the gills the suprabranchial (or exhalant) chamber (Figure 
2-15). From the suprabranchial chamber the water exits the pallial cavity through the exhalent syphon, 
which is narrower than the inhalant syphon and is located at the posterior edge of the mantle, 
immediately dorsal to the inhalant syphon (Figure 2-14 a, b) (Bayne, 1976; Gosling, 2003). 
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2.1.5.3 Gills 
 
 
Figure 2-15: Section of a bivalve gill. Solid arrows indicate direction of water flow through the filaments from inhalant (INH) to 
exhalant (EXH) chambers and broken arrows indicate path of particle transport to the food grooves. From Gosling (2003).   
The gills (ctenidia) of bivalves have been extensively studied. For a more detailed description we refer to 
a recent review from (Riisgard et al., 2015). In short, Mytilus edulis has two large W-shaped gills 
(homorhabdic filibranch) that are more extensive than needed for respiration alone, they also are the 
primarily food-collecting organs. The gills act as filter ensuring that suspended food particles in the 
water are captured. The lateral cilia on the gill filaments produce a water current between adjacent 
filaments from the infrabranchial chamber through the gills to the suprabranchial chamber (Figure 2-15) 
(Gosling, 2003; Riisgard et al., 2015).  
The gill axis carries two hemolymph vessels. Oxygen-depleted hemolymph is pumped into the gill axis 
via the afferent vessel and then flows through the efferent vessel to be drained to the atria of the heart. 
The water flow over the gill filaments has an opposite direction compared to the hemolymph flow. This 
counter current effect enhances the gas exchange between the hemolymph and the water by 
maximizing the diffusion gradients of oxygen and carbon dioxide (Brusca et al., 2002). 
2.1.5.4 Shell, foot and musculature 
The blue mussel is characterized by its two elongated and triangular shaped shells that are equal in size 
and have a bluish to black color. The presence of concentric rings on bivalve shells (Figure 2-16 b) has 
been extensively used to age them, in contrast to many species of scallops and clams, in mussels these 
rings only exceptionally provide a reliable estimate of age and shell sectioning with microscopic 
examination needs to be performed instead (Gosling, 2003). 
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The shells are hinged together by means of a ligament (hinge) at the umbo (anterior side of the shell) 
(Figure 2-16 a-c). The pallial line is the part of the shell’s interior side along which the mantle is 
attached. On the inside of each valve are two muscle scars, the attachment points for the large posterior 
adductor muscle and the much reduced anterior adductor muscle (Figure 2-16 a).  
The shell protects the mussel against predators and serves as skeleton attachment for the muscles. The 
adductor muscles serve to close the shells. The blue mussel has a large posterior adductor muscle and a 
small anterior adductor muscle. The retractor muscles (anterior and posterior) control the movement of 
the foot which is used in bivalves for moving and anchoring. At the basis of the foot of marine mussels 
there is a byssus gland, which continuously secretes tanned proteins as a bundle of tough threads, called 
byssus threads. These byssus threads allow the mussel to attach itself repeatedly to the substrate 
(Beaumont et al., 2007; FAO, 2014; Gosling, 2003).  
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Figure 2-16: The mussel shell. (a) Empty open mussel (Mytilus species) with shells hinged together. (b) Dorsocaudal view on the 
shell of a living blue mussel (Mytilus edulis). (c) Drawing of the interior side of a mussel shell. Adapted from Gosling (2003). 
 
2.1.6 The immune system 
Research on the bivalve immune system and the underlying molecular mechanisms is still at an early 
stage, with few investigations on a small number of species (Song et al., 2010). As all invertebrates, 
bivalves rely exclusively on an innate, non-lymphoid immune system involving both cellular and humoral 
components (Wootton et al., 2003). Adaptive or acquired immunity is phylogenetically young and only 
found in vertebrates (Perez and Fontanetti, 2011). Bivalves combat foreign components without the 
help of antibodies and can thus not rely on any memory regarding previous contacts (Gosling, 2003). 
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The internal defense system of bivalves can be divided into the cellular and humoral response, two 
separate mechanisms, closely working together. The cellular response or cell-mediated immunity 
includes phagocytosis and cytotoxic reactions by circulating hemocytes. The humoral response includes 
various reactions mediated by humoral defense factors such as soluble lectins, hydrolytic enzymes and 
antimicrobial peptides. A combined action of these two systems results in a robust and well working 
immune system (Canesi et al., 2002; Pruzzo et al., 2005). Similar to the blood in vertebrates it is the 
hemolymph that transports the most important factors of the bivalve immune system throughout the 
body (Canesi et al., 2002; Pruzzo et al., 2005). 
Table 2-3: Overview of the defense system in bivalves. 
2.1.6.1 First line of defense: anatomical & physiological barriers 
A pathogen or foreign particle has to pass through the first line of defense, which consists of several 
chemicophysical barriers (Baroni et al., 2012; Canesi et al., 2002). This inside-outside barrier is 
constituted of all tissues in direct (shell, mantle and gills) and indirect (gastro-intestinal tract) contact 
with the surrounding (sea) water and can be physical or (bio) chemical. The latter includes antimicrobial 
peptides and hydrolytical enzymes synthesized by epithelial cells and hemocytes (Glinski and Jarosz; 
Mitta et al., 1999b; Zasloff, 2002). There is a growing interest in the role of immune factors associated 
with mucosal surfaces of the pallial organs (shell, mantle and gills) in interactions with microbes (Allam 
and Raftos, 2015). The quantity of microorganisms reaching the circulatory system represents an 
extremely small fraction of that bathing mucosal tissues as filter-feeding bivalves are exposed to a very 
large number of waterborne microbes through their basic physiological activities. Indeed, bivalves can 
overcome very large numbers of microbes if exposed via immersion but succumb to a much smaller 
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numbers of the same microbes if exposed by direct injection (Allam et al., 2002; Tubiash et al., 1965). 
Bivalve mucus contains a wide range of immune effectors and is produced from virtually all epithelia. It 
plays a role in several biological functions, including defense against predators, freeze and desiccation 
protection (Allam and Espinosa, 2016). Bivalve mucus is known to contain hemocytes, agglutinins (e.g. 
lectins) (McDade and Tripp, 1967), hydrolytic enzymes (e.g. lysozyme and proteases) (Brun et al., 2000) 
and a wide diversity of immune proteins (Allam and Espinosa, 2016). Moreover, virtually all mucosal 
epithelia of bivalves are capable of endocytosing, including epithelial cells lining the external 
(extrapallial) and internal (pallial) surfaces of the mantle, the gill, the foot and gut. Phagocytic activity 
performed by these epithelia provides a dual nutritional/defense function by enhancing the uptake and 
digestion of food particles and by keeping pathogens in check and limiting infections (Allam and Raftos, 
2015). 
2.1.6.2 Second line of defense (internal defense) 
Cellular defense system 
The cellular response is carried out by hemocytes. In Mytilus edulis hemocytes can be divided into 
granulocytes and agranulocytes (hyalinocytes). The granulocytes are the most abundant hemocytes and 
have a large variability in number and type of granules. Agranulocytes, have a few or no granules 
(Gosling, 2003). Both cell types can phagocytise. 
There are different types of cellular defense mechanisms in bivalves, namely hemocytosis, phagocytosis 
and encapsulation.  
Hemocytosis 
Hemocytosis (hemocyte proliferation), is the first response to an infection or presence of a non-self-
particle. This involves an increase of circulating hemocytes, which move towards the infected of injured 
tissue (Gosling, 2003). This movement of the cells is activated by chemoattractant substances, such as 
opsonines, and can be random (chemokinesis) or directional (chemotaxis) (Canesi et al., 2002; Song et 
al., 2010). Subsequently phagocytosis or encapsulation (large particles) occurs (Song et al., 2010).  
Phagocytosis 
Phagocytosis is the process by which cells internalize large particulate materials from their milieu and 
sequester them in phagosomes (Desjardins et al., 2005). In bivalves it is undoubtedly a very important 
aspect of immune defense. Bivalve hemocytes can engulf a variety of particles including bacteria 
(Wootton et al., 2003). Both granular and agranular hemocytes of bivalves are reported to phagocytise, 
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however granulocytes are believed to be more efficient in killing micro-organisms and are regarded as 
more differentiated cells, known to possess a number of lysosomal and antioxidant enzymes, as well as 
antimicrobial factors localized in the cytoplasmatic granules (Venier et al., 2011; Wootton et al., 2003). 
Encapsulation 
Encapsulation is a common defense strategy in invertebrates and is reported in several species of 
bivalves including Mytilus galloprovincialis(Francisco et al., 2010). In general, a capsule of hemocytes 
encloses the foreign body (e.g. parasites) and subsequently, cytotoxic products, such as degradative 
enzymes and free radicals, are released by the hemocytes in an attempt to destroy the invader 
(Wootton et al., 2003).  
Humoral defense system 
Humoral response is carried out by humoral defense factors produced by hemocytes that are present in 
the hemolymph. The most abundant humoral defense factors in Mytilus sp. are (soluble) lectins, 
hydrolytic and lysosomal enzymes such as phosphatase and lysozyme and antimicrobial peptides (Canesi 
et al., 2002; Pruzzo et al., 2005). Lectins are sugar binding proteins that can interact specifically and 
reversibly with membrane glycoproteins or glycolipids of bacteria or other invaders (Renwrantz, 1990). 
They are involved in several immune functions, such as recognition and facilitation of phagocytosis 
(Pruzzo et al., 2005; Song et al., 2010).  
Lysozyme is a ubiquitous enzyme that, because of its cleavage activity, not only plays an important role 
in host defense, but also has an important digestive role (Olsen et al., 2003; Song et al., 2010). 
Lysozymes in gills, mantle, pallial and extrapallial fluids and from the hepatopancreas are generally 
believed to be involved in bivalves’ host defense because these tissues can be regarded as a portal of 
entry by pathogens (Itoh et al., 2007; Yue et al., 2011). Expression in the style, digestive gland and 
hepatopancreas are an indication for a digestive function (Olsen et al., 2003; Yue et al., 2011). In Mytilus 
edulis four different types of lysozymes are observed. Only one has an antibacterial activity (bm), the 
other three are crystalline-style- and digestive gland-associated lysozymes and are solely involved in 
digestion (Olsen et al., 2003).  
Antimicrobial peptides (AMP) are a major component of the innate immune defense system of bivalves. 
The diversity of AMPs is great, the same peptide sequence is rarely recovered from two different species 
of bivalves, even those closely related. This diversity probably reflects the species adaptation to their 
unique microbial environment (Zasloff, 2002). AMPs are categorised into defensins, mytilins, myticins 
and mytimycins according to their antimicrobial and antifungal action and primary structure 
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(hydrophobic, cationic or amphipathic (Canesi et al., 2002; Song et al., 2010) although others are 
reported (Xu et al., 2010). The synthesis, maturation and storage of AMPs happens in the circulating 
hemocytes (Mitta et al., 2000). AMPs are engaged in the destruction of bacteria inside phagocytes, 
before being released into hemolymph to participate in systemic responses and different AMPs can be 
involved at different stages of the anti-infectious response (Mitta et al., 2000).  
Mytilins 
At least six isoforms of mytilins are reported in bivalves: A, B, C, D, G1 and F. They are believed to have 
complementary antimicrobial activity against Gram-positive and Gram-negative bacteria, antifungal and 
anti-protozoa (Li et al., 2011).  
Defensins 
Defensins are subdivided in MGD1, 2b, 3, 4 and 5 (Venier et al., 2011). All display antibacterial activity by 
disrupting the cytoplasm membrane (Romestand et al., 2003). Activity against Gram-positive and Gram-
negative bacteria, fungi and protozoa is reported (Li et al., 2011; Mitta et al., 1999b).  
Myticins 
Myticins are subdivided in type A,B and C (Venier et al., 2011). They have a pronounce activity towards 
Gram-positive bacteria and fungi (Mitta et al., 1999a). Myticins are synthesized as pre-proteins and 
processed before storage in hemocytes (Mitta et al., 1999a).  
Mytimycin 
At least five mytibase variants are described: mytimycin A and types B, C, D and E (Venier et al., 2011). 
They have anti-fungal properties in Mytilus edulis (Charlet et al., 1996). 
Apoptosis 
Apoptosis is a gene-directed cellular self-destruction program that is ubiquitous in virtually all cells of 
eukaryotes and serves to remove cells during development and in adulthood when no longer needed, 
damaged, or infected (Baehrecke, 2002). Apoptosis as such has been reported in several bivalve species 
(Zhang et al., 2011) including Mytilus galloprovincialis (Chatel et al., 2011; Perry and Lynn, 2009). 
 
2.1.7 The use of mussel hemolymph in scientific research 
Bivalve hemolymph is extensively used in a range of research domains such as ecotoxicology (Amachree 
et al., 2013), ecophysiology (Browne et al., 2008) and (immune)toxicology (Ivanina et al., 2016). 
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Research related to the immune system of bivalves also requires hemolymph sampling. Hemocytes 
patrol continuously through the body fluid to detect insults that might have breached the epithelial 
layer and hence lead to invasion of organs (Le Foll et al., 2010). Migration activity of hemocytes could be 
considered as a valuable indicator of immune-competence and, potentially, as a biomarker of immune-
toxic damage caused by exposure to environmental contaminants (Rioult et al., 2013). In this regard, the 
influence on total and differential hemocytes counts, phagocytic activity, membrane injury, lysosome 
retention and apoptosis are being verified (Hoher et al., 2012; Sheir et al., 2013; St-Jean et al., 2002).  
Mytilus edulis hemolymph is also widely used in bio-accumulation and environmental studies concerning 
heavy metals such as Cu, Hg and Cd. An increase in hemolymph Cu accumulation and multiple abnormal 
hemocyte characteristics were observed in circumstances of ocean acidification, suggesting that 
increased CO2 concentrations in the sea may have an impact on Mytilus edulis combined with heavy 
metals pollution (Han et al., 2014). It is also known that Cd (Amachree et al., 2013; Sheir et al., 2013), Hg 
(Sheir et al., 2010) and Cu (Pipe et al., 1999) exposure affects the immune responses of Mytilus edulis. 
Heavy metal binding proteins (HRG and SPB1), produced by hemocytes, have been found in the 
hemolymph of blue mussels (Devoid et al., 2007; Renwrantz and Werner, 2008). Mytilus edulis 
hemolymph was used to study the effect of TBT, DBT and Organophosphorus Pesticides (Rickwood and 
Galloway, 2004; St-Jean et al., 2002) and to investigate the uptake, fate, and biological consequences of 
ingested microscopic particles of polystyrene (Browne et al., 2008; Van Cauwenberghe and Janssen, 
2014). The latter in order to better understand the biological impact of the plastic debris in the world 
seas. Microplastics were traced in the hemolymph after exposure studies of Mytilus edulis to treatments 
containing seawater and microplastics (3.0 or 9.6 µm) (Browne et al., 2008). Nitric oxide (NO) – a 
molecular mediator known in the non-specific immune response of vertebrates – has been proposed as 
biomarker in invertebrates, including Mytilus edulis to monitor stress syndromes linked to the biological 
risk associated with polluted environments based on hemolymph sampling (Bolognesi, 2014; Bolognesi 
and Fenech, 2012). Moreover, production of NO has been recorded in response to bacterial infection in 
invertebrates, and NO measurements potentially offer a highly sensitive, non-invasive mean of 
monitoring stress responses associated with environmental change (Smith et al., 2000).  
Mytilus edulis hemolymph also contains several interesting molecules from a physiological research 
point of view, such as hormone-like substances (Chavkin et al., 1985; Pérez-Rosado et al., 2002; 
Renwrantz, 1990) and humoral immune factors (Renwrantz, 1990). Mammalian-like 
proopiomelanocortin was found in mussel hemolymph of which the processing can be altered 
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depending on the signal, resulting in the release of different hormones such as melanocyte-stimulating 
or adrenocorticotropic hormone (Stefano et al., 1999). Prodynorphin, also known as proenkephalin B, an 
opioid polypeptide hormone involved in chemical signal transduction and cell communication, has been 
characterized in blue mussel hemolymph (Renwrantz, 1990). Prodynorphin is a basic building-block of 
endorphins, the chemical messengers in the brain that appear most heavily involved in the anticipation 
and experience of pain and the formation of deep emotional bonds, and that are also critical in learning 
and memory (Chavkin et al., 1985; Pérez-Rosado et al., 2002). Leippe and Renwrantz (1988) described 
the presence of both hemolytic and agglutinating molecules in the supernatant of a short-term 
hemocyte culture indicating that these substances are actively secreted by mussel hemocytes.  
Based on the nature of the research, hemolymph extraction techniques vary from invasive (lethal) to 
non-invasive procedures and from single to multiple withdrawals. The main hemolymph collection site 
in bivalves is the adductor muscle (anterior or posterior depending on the species) and less frequently 
the ventricle of the heart. The pericardium and the extrapallial cavity are other puncture sites reported 
for harvesting bivalve body fluids (Calvo-Iglesias et al., 2016; Fyhn and Costlow, 1975; Zittier et al., 
2015). 
Despite the extent in which hemolymph is used in all kinds of assays, few histological (Norton and Jones, 
1992) or anatomical reconstructive images are available in literature to visualize and reconstruct the 
hemolymph extraction sites and hemolymph vessels of bivalves. Such images would be very helpful in 
order to support further research. 
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2.2. Bacterial pathogens of bivalves 
2.2.1.  Diseases in bivalves 
Several infectious agents such as parasites, bacteria and viruses have been described in bivalves (Mc 
Gladdery, 2011). Protozoa, single-celled organisms, are a common cause of disease. The phyla 
Acetospora (e.g. Bonamia ostrea, Haplosporidium nelsoni) and Apicomplexa (e.g. Perkinsus marinus) 
mainly infect oyster and clam species, hereby causing extensive damage to the commercial production 
of these species (Gosling, 2003). Helminths (e.g. trematodes, cestodes and nematodes) are also often 
found in bivalves. Although of little importance as disease causing agent and only few species can be 
transferred to humans, infected bivalves are not appreciated at consumers level since they are visible to 
the naked eye (Gosling, 2003; Lauckner, 1983). Several viruses have been described to affect bivalves, 
merely oysters, such as gill disease, hemocytic infection and Herpes (Bower et al., 1994). In the scope of 
this thesis we will further focus on bacterial diseases. Bacterial infections cause high economic losses in 
the culture of bivalves (Beaz-Hidalgo et al., 2010). Two reviews are available that give a good overview 
of pathogenic bacteria for bivalves (Beaz-Hidalgo et al., 2010; Paillard et al., 2004). About 50 % of the 
reports of diseases are caused by Vibrio sp. (Paillard et al., 2004). Pathogenic vibrios of bivalves include 
strains belonging to the species Vibrio tubiashii (Elston et al., 2008), Vibrio alginolyticus (Anguiano-
Beltran et al., 2004), Vibrio anguillarum (Frans et al., 2011), Vibrio splendidus (Rojas et al., 2015) and to 
the genus Photobacterium (Sutton and Garrick, 1993). The last three groups will be discussed more into 
detail since they are most relevant to the work performed in this thesis (see section 2.2.3). Some 
bacterial pathogens are being associated with economically important bivalve diseases, an overview of 
the most important ones is given in section 2.2.2. 
 
2.2.2. Bacterial diseases in bivalves 
Bacterial diseases in bivalves are often ascribed to opportunistic pathogens (Dubert et al., 2017). In the 
medical literature, opportunistic pathogens are typically characterized as organisms that can become 
pathogenic following a perturbation to their host (e.g., disease, wound, medication, prior infection, 
immunodeficiency and ageing). In this work, we will use the definition as suggested by Brown et al. 
(2012): ”non-obligate and/or non-specialist parasites of a focal host”. This means that if the classic 
assumptions (obligate pathogen i.e. unable to survive or replicate outside the host, or specialist on one 
specific host) of pathogen evolution fail, we have an opportunistic pathogen.  
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2.2.2.1. Larvae 
Bacteria that provoke severe mortalities in larval cultures belong generally to the genus Vibrio (Paillard 
et al., 2004). Vibriosis in bivalve larvae was formerly termed bacillary necrosis (Tubiash et al., 1965). It is 
the most common disease in bivalve larvae. Tubiash et al. (1965) was one of the first to describe 
bacillary necrosis in detail. The most prominent characteristics are an extended foot and velum, reduced 
motility of the larvae together with high mortalities and swarms of bacteria around the larvae (Tubiash 
et al., 1970). Elston and Leibovitz (1980) studied the pathogenesis of larval vibriosis in Crassostrea 
virginica and came to three patterns of disease that were designated as types I, II and III. Pathogenesis 
type I affects all larval stages; the larvae become sedentary showing signs of colonization of the mantle 
and invasion of the visceral cavity. Pathogenesis type II affects the early stage of the veliger larvae, 
producing velum disruption and extension and abnormal swimming. Pathogenesis type III affects the 
late veliger larval stage (pediveliger larva) and the larvae become sedentary. Spotting, the accumulation 
of moribund larvae at the bottom of the tanks, is another typical sign of larval vibriosis (Beaz-Hidalgo et 
al., 2010) and was first described by Disalvo et al. (1978). A variety of Vibrio sp. such as Vibrio 
alginolyticus, Vibrio tubiashii and Vibrio anguillarum have since been linked to high larval mortalities in 
different bivalve species (Solomieu et al., 2015).  
Larval stages are more prone to disease, including vibriosis, than juveniles and adult bivalves, since the 
resistance to bacterial infection significantly increases with age (Dubert et al., 2017). Several hypothesis 
have been suggested, such as the static systems certain larval stages are reared in which create a higher 
exposure to bacteria, moribund larvae and organic detritus at the bottom of the tank (Gosling, 2003; 
Sutton and Garrick, 1993), elevated temperatures used for optimal larval development and high larval 
densities (Gosling, 2003), the underdeveloped immune system (Dyrynda et al., 1995), a higher 
vulnerability during metamorphosis (Gosling, 2003), and stress (Beaz-Hidalgo et al., 2010). Regarding the 
latter it has been suggested that agents responsible for the development of disease in bivalve larvae 
seem to act synergistically and infection occurs more readily in stressed larvae (Beaz-Hidalgo et al., 
2010).  
2.2.2.2. Juveniles  
Different syndromes have been reported to affect juvenile bivalves in particular (Paillard et al., 2004; 
Solomieu et al., 2015). Chronic abscess syndrome was described by Elston et al. (1999) causing mortality 
and significant loss of growth in intensively cultured juvenile oysters (Crassostrea gigas). Hinge ligament 
erosion disease was reported to cause 70-80 % mortalities within groups of juvenile oysters (Crassostrea 
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gigas) in one week time (Dungan and Elston, 1988). Although the involvement of bacterial pathogen(s) 
has been assumed, no etiological agent has been reported for both diseases. Summer seed mortality in 
juvenile oysters has been observed since 1993 in California and France (Burge et al., 2007) affecting 
Pacific oyster seed (Crassostrea gigas) (Lacoste et al., 2001a) and has been associated with elevated 
water temperatures, Ostreid herpes virus (OsHV) and vibrios (Burge et al., 2007; Friedman et al., 2005; 
Petton et al., 2015a; Petton et al., 2015b). One of the hypothesis is that Roseovarius oyster disease 
(previous juvenile Oyster Disease) was initially described as a size dependent diseases causing serious 
losses since the eighties in juvenile Eastern oysters (Crassostrea virginica) (Davis and Barber, 1994; Lee 
et al., 1996) and was later associated with Roseovarius crassostreae as the etiological agent (Boettcher 
et al., 2005; Maloy et al., 2007). Roseovarius oyster disease has only been documented in hatchery-
produced oysters (Crassostrea virginica) raised in aquaculture, the juvenile oysters appear to acquire the 
bacteria from the ambient water at grow-out sites (Travers et al., 2015). Epizootics typically occur late in 
the summer, causing a drastic reduction in growth rates. Mortalities usually occur within 1–2 weeks of 
disease onset, and losses may exceed 95 %, especially among individuals <25 mm in shell height (Travers 
et al., 2015). Only the chronic abscess syndrome specifically affects juveniles, whereas the three other 
diseases mentioned above can also affect adults, although with less severe mortality (Paillard et al., 
2004). It is not yet clear whether summer seed mortality corresponds to a new disease or to a worsening 
summer mortality syndrome (Petton et al., 2015b). 
2.2.2.3. Adults 
The most important diseases causing mortalities in adult bivalves are Brown ring disease (Vibrio tapetis) 
in clams (Paillard et al., 1994), Nocardiosis (Nocardia crassostreae) (Friedman et al., 1998) and summer 
mortality in oysters (Samain and McCombie, 2008), and diseases in oysters, scallops and clams linked to 
Rickettsia-like organisms (Solomieu et al., 2015). 
Brown ring disease is caused by Vibrio tapetis (Allam et al., 2002) and is considered one of the main 
limiting factors when culturing Manila clams (R. philippinarum and R. decussatus) (Paillard et al., 1994). 
The typical brown deposits on the inner shell surface of R. philippinarum in Brown ring disease can be 
observed in Figure 2-17. Environmental factors (i.e. temperature and salinity) play a role in the 
development of the disease, which tends to be more frequent in the spring and winter (Beaz-Hidalgo et 
al., 2010). Brown Ring disease has been reported to infect both juvenile and adults (Gosling, 2003).  
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Figure 2-17: Characteristic brown ring disease organic material (arrowed) symptoms on the inner shell surface of the Manila 
clam, Ruditapes philippinarum. From Gosling (2003). 
Summer mortality in oysters occurs typically in the warmer months when the water temperature is at 
least 18°C and reproduction takes place. Temperature, food, reproduction and stress are the main 
factors required for oyster mortality in this disease (Samain, 2011) that has also been associated to 
infectious agents (Beaz-Hidalgo et al., 2010) such as the Ostreid herpes virus (OsHV) and bacteria of the 
genus Vibrio (Lacoste et al., 2001a; Lynch et al., 2011; Samain, 2011). However, none of these individual 
factors have been shown to consistently be responsible for the syndrome. Moreover, it was 
demonstrated that juvenile mortalities can occur in the absence of herpes virus (Petton et al., 2015b). 
Summer mortality seems thus to be attributed to a complex interaction between the physiological 
and/or genetic state of the host, environmental factors, the presence of virus and various opportunistic 
bacterial pathogens such as vibrios belonging to the Splendidus clade and Vibrio crassostreae (Paillard et 
al., 2004; Petton et al., 2015b; Pruzzo et al., 2005; Samain, 2011). 
Nocardiosis is caused by the Gram-positive bacterium N. crassostreae (Friedman et al., 1998) and has 
been reported to also infect the European flat oyster Ostrea edulis (Bower et al., 2005; Carella et al., 
2013) and the Mediterranean mussel Mytilus galloprovincialis (Carella et al., 2013) in addition to 
Crassostrea gigas. Infections and mortality in C gigas occur during summer and fall, when water 
temperatures are warmer (> 20°C) and has been linked to the phenomenon of summer mortality of 
oysters in some locations (Bower et al., 2005; Friedman et al., 1998; Friedman and Hedrick, 1991; 
Travers et al., 2015). Although N. crassostreae was isolated from Mytilus galloprovincialis and O. edulis, 
no link to mortalities has been demonstrated (Carella et al., 2013). 
2.2.2.4. Bacterial diseases in mussels 
In Table 2-4 an overview is given of bacteria and parasites associated with mussels, either by isolation or 
by experimental challenge. In contrast to other bivalve cultures, few mass mortalities have been 
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reported in mussel grow-out in the last decades (Oden et al., 2016). In the eighties, cases of mussel 
summer mortalities occurred on the Magdalen Islands and along the Atlantic and Pacific coast of North 
America with the first event occurring in 1975 (Myrand and Gaudreault, 1995; Myrand et al., 2000). 
These outbreaks were reported to be associated with environmental conditions rather than pathogens. 
Indeed, in literature, cases of mortality outbreaks in Mytilus. sp. have been predominantly related to 
adverse environmental effects (such as non-optimal temperature, desiccation, storms and wave action 
and siltation), bio deposits, intra- and interspecific competition and predation (Venier et al., 2011). Blue 
mussel adults are generally considered to be very robust and resistant to disease due to a well working 
immune system (Philipp et al., 2012; Venier et al., 2011). However, since 2010, massive mussel 
mortalities have occurred in France (Ben Cheikh et al., 2016) and it has been suggested that Vibrio 
splendidus related strains might be the main causative agent of these losses (Oden et al., 2016). 
Moreover, bacterial communities dominated by the Vibrio splendidus group were associated with mass 
mortality events in an Australian Mytilus galloprovincialis hatchery (Kwan and Bolch, 2015). No 
infectious agents with a significant impact on survival had been reported for blue mussels and no 
specific bacterial pathogens had been described in Mytilus sp. at the start of the research described in 
this thesis.  
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Table 2-4: An overview of bacteria and parasites associated with mussels. 
Species Host Symptoms/Findings Reference 
Bacteria    
Nocardia crassostreae Mytilus galloprovincialis No association with disease (Carella et al., 2013) 
Rickettsia-like and  
 Chlamydia-like Organisms 
Mussels No association with disease (Bower et al., 1994) 
Vibrio alginolyticus  Mytilus galloprovincialis (larvae) Sub-lethal effects in immersion challenge (102-106 CFU mL-1)  (Anguiano-Beltran et al., 2004) 
Vibrio 
coralliilyticus/neptunius  
Perna canaliculus (Larvae) High mortalities in immersion challenge (106 CFU mL-1) (Kesarcodi-Watson et al., 2009) 
Vibrio Splendidus Perna canaliculus (Larvae) High mortalities in immersion challenge (105 CFU mL-1) (Kesarcodi-Watson et al., 2009) 
Vibrio aestuarianus  
 
Mytilus edulis Low mortalities in immersion (1010 CFU/animal)/ 
 injection challenges (106-1010 CFU/animal) 
(Romero et al., 2014) 
Vibrio splendidus Mytilus edulis Low mortalities in immersion (1010 CFU/animal)/ 
 injection challenges (106-1010 CFU/animal)  
(Romero et al., 2014) 
Vibrio Tubiashii Mytilus edulis  No mortality in injection challenge (105 CFU-108/g ww),  
 reduced byssus production at high dose 
(Asplund et al., 2014) 
Vibrio splendidus related 
strains 
Mytilus edulis High mortality in injection challenge at high dose  
 (108 CFU/animal)  
(Ben Cheikh et al., 2016; Oden et 
al., 2016) 
Parasites    
Proctoeces maculatus Mytilus edulis,  
 Mytilus galloprovincialis 
Heavy infections can affect gametogenesis  (Gosling, 2003) 
Kidney Coccidia Mussels Heavy infections may cause kidney damage (Bower et al., 1994) 
Gregarin parasitism  
 (Family Porosporida) 
Mytilus sp. No association with disease (Bower et al., 1994) 
Steinhuusia mytilovum  
 (Mussel Egg Disease) 
Mytilus edulis,  
 Mytilus galloprovincialis 
Mussel fecundity inversely related to intensity infection (Bower et al., 1994) 
Haplosporidian Infection Mytilus californianus,  
 Mytilus edulis. 
No association with disease (Bower et al., 1994) 
Marteilia refringendmaurini  
 (Marteiliasis) 
Mytilus edulis,  
 Mytilus galloprovincialis 
No association with disease (Bower et al., 1994) 
Intracellular Ciliates  
 (protozoa) 
Mytilus edulis,  
 Mytilus trossulus 
No association with disease (Bower et al., 1994) 
Gill Ciliates (Ancistrum mytili) Mytilus edulis, Mytilus sp. No association with disease (Bower et al., 1994) 
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Sphenophrya-like Ciliates Mytilus sp. No association with disease (Bower et al., 1994) 
Mussel Trematode Diseases Mytilus edulis,  
 Mytilus galloprovincialis 
Most species are relatively nonpathogenic,  
 some cause castration 
(Bower et al., 1994) 
Mytilicola intestinalis  
 (Red Worm Disease) 
Mytilus edulis,  
 Mytilus galloprovincialis 
No association with disease (Bower et al., 1994) 
Mytilicola orientalis  
 (Red Worm) 
Mytilus sp. No association with disease (Bower et al., 1994) 
Mytilicola porrecta  
 (Red Worm) 
Geukensia demissa,  
 Ischadium recurvum 
No association with disease (Bower et al., 1994) 
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2.2.3.  Selected bacterial bivalve pathogens  
2.2.3.1. Vibrios belonging to the Splendidus clade 
The Vibrio splendidus clade comprises species closely related to Vibrio splendidus. The latter is one of 
the older established members of the genus Vibrio (Beijerinck, 1900). The phenotypic variability of 
isolates resembling but not 100 % corresponding to the Vibrio splendidus profile, resulted in the 
denomination Vibrio splendidus-like or Vibrio splendidus clade (Pérez-Cataluña et al., 2016). This clade 
contains 17 species such as Vibrio lentus (Macian et al., 2001), Vibrio tasmaniensis (Thompson et al., 
2003), Vibrio crassostreae (Faury et al., 2004), Vibrio hemicentroti (Kim et al., 2013), Vibrio gigantis (Le 
Roux et al., 2005), Vibrio atlanticus and Vibrio artabrorum (Dieguez et al., 2011), making it the largest 
clade within the genus Vibrio (Kim et al., 2013). An MLSA (Multilocus sequence analysis) approach is 
usually necessary for proper identification of Vibrio splendidus-like species since more than 99 % 
similarity between 16S rRNA gene sequences are common (Pérez-Cataluña et al., 2016). 
Species belonging to the Splendidus clade have been isolated world-wide from marine samples including 
bivalves (oysters, mussels, clams, scallops) (Le Roux et al., 2005; Oden et al., 2016; Prado et al., 2014; 
Rojas et al., 2015), other invertebrates (Gomez-Gil et al., 2010) or fish (Hatje et al., 2014), seawater, 
bacterioplankton and sediments (Mansergh and Zehr, 2014; Vezzulli et al., 2015).  
Several species have been related to pathological processes in their hosts (Austin and Austin, 2012; 
Travers et al., 2015) and a diversity and exchange of virulence factors among the members of the clade 
has been reported (Nasfi et al., 2015). 
Vibrios belonging to the Splendidus clade are well-known pathogens of marine bivalves (Travers et al., 
2015), and have been associated with mass mortalities in bivalve larvae such as the green shell mussel 
(Perna canaliculus) (Kesarcodi-Watson et al., 2009), the scallop Argopecten purpuratus (Rojas et al., 
2015) and the Japanese oyster (Crassostrea gigas) (Sugumar et al., 1998). Kwan and Bolch (2015) 
indicated the association of bacterial communities dominated by vibrios belonging to the Splendidus 
clade with mass mortality events in a Mediterranean mussel (Mytilus galloprovincialis) hatchery. Finally, 
the strains that were recently isolated from mass mortality events in blue mussel farming in France 
(2010-2014) also belong to the Splendidus clade of vibrios (Ben Cheikh et al., 2016). Only one of the 
isolates was able to cause high (80 %) mortality through an experimental injection model at high dosage 
(108 CFU/animal) in adult mussels (Oden et al., 2016). 
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2.2.3.2. Vibrio anguillarum 
Vibrio anguillarum is a Gram-negative, comma-shaped rod bacterium. It is a polarly flagellated, non-
spore forming, halophilic and facultative anaerobe (Austin and Austin, 2012). Vibrio anguillarum prefers 
temperatures between 25 and 30°C and nutrient rich media containing 1.5–2 % sodium chloride (NaCl). 
It forms cream-colored and round-shaped colonies (Frans et al., 2011).  
Twenty-three serotypes of Vibrio anguillarum have been distinguished, each displaying a specific 
pathogenicity and host spectrum. Vibriosis caused by Vibrio anguillarum has been reported as one of 
the most important infectious diseases in aquaculture, affecting mainly fish such as rainbow trout, 
turbot, sea bass, sea bream, cod and eel (Toranzo et al., 2005) and occasionally also in bivalves (Paillard 
et al., 2004) and crustaceans (Aguirre-Guzmán et al., 2004). Although many pathogenic strains have 
been described, many others are non-pathogenic (Larsen et al., 1994). Most Vibrio anguillarum 
serotypes represent environmental isolates from sediment, plankton or sea water that are mostly non-
pathogenic.  
Vibrio anguillarum is part of the normal microflora in marine habitats, including marine fish and the 
seawater column (Muroga et al., 1986; Prol-Garcia et al., 2010; Reid et al., 2009). A role for blue mussels 
adults (Mytilus edulis ) to harbor and release Vibrio anguillarum into the environment has been 
described by Pietrak et al. (2012). The mussels accumulated the pathogen in the digestive gland tissues, 
with subsequent release in feces without any sign of disease. Injection challenges with Vibrio 
anguillarum have been performed on adult bivalves, i.e. the scallop Chlamys farreri (Sun et al., 2014) 
and Mytilus galloprovincialis (Wu et al., 2013). These resulted in low mortality and no reported 
mortality, respectively. However, Vibrio anguillarum has been recognized as one of the main pathogenic 
species associated with larval vibriosis in mollusks, as mentioned earlier (see section 2.2.2.1) (Beaz-
Hidalgo et al., 2010; Disalvo et al., 1978).  
2.2.3.3. Photobacterium species 
The genus Photobacterium is one of the oldest established genera in the family of Vibrionaceae. It 
comprises primarily marine luminescent Gram-negative bacteria that are distributed worldwide in 
marine ecosystems (Romalde et al., 2014). Photobacterium sp. have been commonly isolated from 
different marine environments (Urbanczyk et al., 2011), including bivalves. Photobacterium damselae 
subsp. damselae has been isolated from oysters (Richards et al., 2008) and from Mytilus galloprovincialis 
(Lozano-Leon et al., 2003). Photobacterium swingsii has been isolated from the Pacific oyster 
(Crassostrea gigas) (Gomez-Gil et al., 2011) and Photobacterium galatheae from Mytilus sp. (Machado 
et al., 2015). 
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Some Photobacterium sp. have been associated with lethal wound infections in humans (i.e. 
Photobacterium damselae) and some strains are pathogenic for aquatic animals, mainly fish (Rivas et al., 
2013). A Photobacterium damselae-related strain has been isolated from larval rearing water and 
healthy or moribund larvae of the giant clam (Tridacna gigas). This particular strain was able to cause 
100 % mortality by experimental infection (immersion, 107 CFU mL-1) in T. gigas larvae (Sutton and 
Garrick, 1993). 
 
2.2.4. Pathogenicity mechanisms in bacterial pathogens 
2.2.4.1. Virulence factors 
The capacity of a microbe to cause disease is referred to as pathogenicity and the severity of infection is 
known as virulence (Casadevall and Pirofski, 1999). The infectious cycle of pathogenic bacteria includes 
(1) entry of the pathogen, (2) establishment and multiplication, thereby avoiding host defenses and 
causing damage to host tissues and cells and (3) exit (Donnenberg, 2000). These different steps involve 
the expression of virulence factors, i.e. gene products that allow the pathogens to infect and damage 
the host, including products involved in motility, adhesion, host tissue degradation, iron acquisition and 
protection from host defense mechanisms.  
 
Figure 2-18: Schematic overview of different virulence factors produced by pathogenic bacteria. From Defoirdt (2014). 
Motility  
Bacterial motility is considered as an important virulence factor in many pathogens. It is essential for 
pathogenic bacteria during the initial phases of infection as it helps them to overcome electrostatic 
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repulsive forces between the bacterial cell and the host tissues and hence, facilitates attachment to the 
host (McCarter, 2001). The most intensively investigated mode of motility in bacteria is the one 
governed by specialized rotating organelles, the flagella (Yang and Defoirdt, 2015). Flagella are rotating 
propulsion organelles produced by a variety of bacteria, including vibrios. They act as helical propellers 
that are approximately 20 nm in diameter and approximately 10 µm in length (McCarter, 2004). Bacteria 
use the electrochemical H+ or Na+ gradient to power the rotation of transmembrane motors located at 
the base of the flagellum (Schuster and Khan, 1994). Vibrio sp. generally produce two types of flagella: 
one polar flagellum enabling the cells to swim in highly dilute environments and many lateral flagella 
that enable cells to move in more viscous environments (i.e. swarming) (McCarter, 2004). Besides 
synthesis cost, motile bacteria also have to invest to power the flagellar rotation (Guttenplan and 
Kearns, 2013; Yang and Defoirdt, 2015). Flagella are controlled by more than 50 genes in vibrios 
(Guttenplan and Kearns, 2013; Zhu et al., 2013). Flagellar motility has been shown to be essential for full 
virulence of vibrios in fish and crustaceans, but it is not clear yet whether it is also essential to infect 
bivalves. 
Biofilm formation and extracellular polysaccharide production 
Bacteria can grow and proliferate either as single, planktonic cells, or as organized aggregates commonly 
referred to as biofilms or flocs (Bjarnsholt et al., 2013). The structure and architecture of the biofilm 
matrix is formed by extracellular polymeric substances. These extracellular polymeric substances are 
produced by the bacteria and primarily consist of polysaccharides (Vu et al., 2009). Extracellular 
polysaccharides (EPS) are secreted around the bacteria as a capsule or as a loose slime (Costerton et al., 
1981). The capsule is involved in attachment to host cells and plays an important role in immune evasion 
as encapsulated pathogens show an increased resistance to phagocytosis and complement-mediated 
killing (Defoirdt, 2014). The loose slime forms an intercellular matrix in biofilms, enhancing the growth 
and survival of microorganisms by providing access to nutrients and protection from detergents or 
antimicrobials, phagocytic predators and drying (Donlan and Costerton, 2002; Mah and O'Toole, 2001). 
Bacteria readily form and adhere to most biotic and abiotic surfaces, causing many problems in medical 
and industrial settings (Kierek-Pearscon and Karatan, 2005). Biofilms can have devastating impacts on 
aquaculture production as reservoirs of bacterial pathogens (Karunasagar et al., 1996). Moreover, when 
bacteria succeed in forming a biofilm within the host, the infection often becomes very resistant to 
treatment and can develop into a chronic state (Bjarnsholt et al., 2013). 
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Lytic enzymes  
Lytic enzymes often play a central role in pathogenesis and are produced by many pathogenic bacteria 
(Finlay and Falkow, 1997). These enzymes cause damage to host tissues, thereby allowing the pathogen 
to obtain nutrients and to spread through tissues. Hemolysins, proteases, chitinases, phospholipases, 
and lipases are among the most well-known lytic enzymes produced by aquaculture pathogens 
(Defoirdt, 2014). We will focus on the first two since they have been determined in this thesis. Although 
the presence of several virulence factors and related genes has been reported in bivalve pathogens, not 
much is known regarding their function/regulation.  
Hemolysins 
Hemolysins are the major extracellular toxic proteins in vibrios associated with virulence (Zhang and 
Austin, 2005). Hemolysins can create pores in blood cells causing a massive ionic influx resulting in cell 
death due to the osmotic imbalance (Raimondi et al., 2000), or break down the cell membranes 
(phospholipase activity) (Sun et al., 2007). Besides hemolytic activity, hemolysins can have cytotoxic, 
cardiotoxic as well as enterotoxic activities (Hiyoshi et al., 2010). Vibrio tubiashii, a known causative 
agent of larval vibriosis in bivalves (section 2.2.2.1), has been shown to possess a hemolysin. The 
potential link with virulence towards bivalves has not been investigated (Kothary et al., 2001). 
Proteases 
Proteases constitute a second important group of lytic enzymes that have been linked to virulence 
towards aquaculture species, including bivalves (Labreuche et al., 2006). Proteases include 
metalloproteases (i.e. proteases that need a metal ion to function), serine proteases (i.e. proteases in 
which serine serves as the nucleophilic amino acid at the active site), cysteine proteases (i.e. proteases 
with a nucleophilic cysteine thiol in the active site), collagenases (i.e. proteases that are able to degrade 
collagen), caseinases (i.e. proteases that are able to degrade casein) and gelatinases (i.e. proteases that 
are able to degrade gelatin). Proteases have been reported in different aquaculture pathogens and are 
able digest a range of host proteins, including gelatin, fibronectin and collagen (Defoirdt, 2014; Farto et 
al., 2006; Teo et al., 2003).  
2.2.4.2. Virulence regulation 
Since most of the virulence factors produced by bacteria are metabolically costly (ATP dependent), 
bacteria tend to only produce virulence factors when they provide them with a benefit. As a result, 
bacteria have evolved several mechanisms to control the production of their virulence factors, such as 
Chapter 2: Literature review and research objectives 
 
51 
 
quorum sensing, indole signaling and regulation by alternative sigma factors (Defoirdt, 2013; Miller and 
Bassler, 2001). 
Quorum Sensing 
Quorum sensing (QS) provides a mechanism for bacteria to monitor one another’s presence. By 
scanning diverse small molecules in their extracellular environment (called auto-inducers) bacteria can 
coordinate the expression of certain genes and mount appropriate responses (Camilli and Bassler, 2006; 
Miller and Bassler, 2001) to coordinate activities as a population (Lindell, 2012). These phenotypic 
responses to signaling molecules often lead to the regulation of virulence related gene expression (Table 
2-5) (Defoirdt, 2014). QS was first discovered in Vibrio fischeri however, it has now been identified in 
many bacteria including several Vibrio sp. (Buch et al., 2003; Greenberg, 2000). In the scope of this 
thesis we will focus on QS in Vibrio anguillarum, Vibrio splendidus and Photobacterium sp..  
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Table 2-5: Examples of quorum sensing systems in aquaculture pathogens and the link between quorum sensing and virulence. From Defoirdt (2014). 
Species  Signals  Quorum sensing-regulated virulence and virulence factors References 
Aeromonas hydrophila/  
  Aeromonas salmonicida 
BHL and HHL  Biofilm formation, exoprotease, hemolysin and siderophore production,  
 secretion, lethality to burbot 
(Natrah et al., 2012; Swift 
et al., 1999) 
Edwardsiella tarda  BHL, HHL, OHHL, 
 HeHL and AI-2 
Motility, biofilm formation, type III secretion  (Han et al., 2010; Leung et 
al., 2012) 
Vibrio alginolyticus AI-2 Protease production, hemolytic activity, extracellular polysaccharide production  
 and siderophore production, lethality to red seabream 
(Rui et al., 2008; Wang et 
al., 2007; Ye et al., 2008) 
Vibrio anguillarum  OH-HHL, ODHL, 
 AI-2 and CAI-1 
Extracellular protease activity, pigment production, biofilm formation (Croxatto et al., 2002) 
Vibrio campbellii/  
 Vibrio harveyi 
HAI-1, AI-2  
 and CAI-1 
Siderophore, chitinase, metalloprotease, phospholipase and extracellular  
 polysaccharide production, type III secretion, lethality to brine shrimp and  
 rotifers 
(Ruwandeepika et al., 
2012) 
Vibrio mimicus AI-2  Protease activity  (Sultan et al., 2006) 
Vibrio salmonicida  OHHL and HHL  Motility, adhesion, cell-to-cell aggregation, and biofilm formation, virulence  
 towards Atlantic salmon 
(Bjelland et al., 2012) 
AI-2, autoinducer 2; BHL, N-butanoyl-L-homoserine lactone; CAI-1, (S)-3-hydroxytridecan-4-one; HAI-1, N-(3-hydroxybutanoyl)-L-homoserine lactone; HeHL, N-heptanoyl-L-homoserine lactone; 
HHL, N-hexanoyl-L-homoserine lactone; ODHL, N-(3-oxodecanoyl)-L-homoserine lactone; OH-HHL, N-(3-hydroxyhexanoyl)-L-homoserine lactone; OHHL, N-(3-oxohexanoyl)-L-homoserine lactone. 
 
Chapter 2: Literature review and research objectives 
 
53 
 
In Vibrio anguillarum, two quorum sensing systems are present: an acylhomoserine lactone (AHL) 
system (Figure 2-19) consisting of the signal synthase/receptor pair VanI/VanR and a three-channel 
system (Figure 2-20) similar to the system found in many other vibrios (Milton, 2006). AHL QS is also 
found in many other Gram-negative aquaculture pathogens, such as Vibrio fischeri, Vibrio anguillarum, 
Edwardsiella tarda, Aeromonas hydrophilla, A. salmonicida (Fuqua et al., 2001) and different pathogens 
can produce different types of AHL (Ng and Bassler, 2009). Their specificity depends on the length and 
substitution pattern of the side chain of the AHL molecules (Fuqua et al., 2001).  
 
Figure 2-19: The AHL QS system of Vibrio anguillarum. Adapted from Defoirdt (2014) and Milton (2006). 
AHL production is a common feature of both pathogenic and environmental isolates of Vibrio 
anguillarum, suggesting that quorum sensing affects the ecology and physiology of this bacterium (Buch 
et al., 2003). As visualized in Figure 2-19, the 2-oxo-C10 homoserine lactones (HSL) produced by AHL 
synthase enzyme VanI (a homologue of Vibrio fischeri LuxI) diffuse freely through the plasma 
membrane. As population density increases, the HSL concentration increases as well and once a critical 
concentration has been reached, HSL binds to VanR (a homologue of Vibrio fischeri LuxR), a response 
regulator. This complex leading to a signal transduction towards the promoter gene, LuxR type protein 
and to the expression of the quorum sensing regulated genes (Defoirdt, 2014; Li, 2014; Milton, 2006; 
Milton et al., 1997). Specific genes regulated by VanR have not yet been identified (Milton, 2006). 
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Figure 2-20: The three-channel system in Vibrio anguillarum. Adapted from Defoirdt (2014) and Milton (2006).  
The three-channel system of Vibrio anguillarum (Figure 2-20) involves the production of different types 
of signal molecules by synthases VanM, VanS and CqsA which are detected by the membrane bound 
receptors VanN, VanPQ, and CqsS respectively (Lindell, 2012; Milton, 2006; Weber et al., 2011). For the 
LuxM/N system, an AHL synthase, VanM, synthesizes both N-hexanoyl-L-homoserine lactone (C6-HSL) 
and N-(3-hydroxyhexanoyl)-L-homoserine lactone (3-hydroxy-C6-HSL), which are sensed by VanN 
(Bassler et al., 1993; Cao and Meighen, 1989; Milton, 2006). For the LuxS/PQ system, VanS synthesizes 
an AI-2 signal, which is sensed by VanPQ (Chen et al., 2002; Croxatto et al., 2002; Schauder et al., 2001; 
Surette et al., 1999). For the CqsA/S signal system, CqsA synthesizes CAI-1, which is sensed by CqsS 
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(Henke and Bassler, 2004). This system channels signal responses via a phosphorylation cascade to a 
single regulatory network (VanU/O) leading to activation or repression of the quorum sensing master 
regulator (VanT) (Weber et al., 2011). VanT positively regulates extracellular protease activity, pigment 
production, and biofilm formation (Croxatto et al., 2002). Each of these activities may play a role in the 
survival of Vibrio anguillarum in seawater or in the (bivalve) host. However, no direct correlation has 
been observed between quorum sensing regulation and virulence towards fish (Milton, 2006). 
Vibrio splendidus has been reported to produce various AHLs, including C4-HSL and 3-OH-C4-HSL (Bruhn 
et al., 2005; De Decker et al., 2013; Purohit et al., 2013). AHLs are suggested to take part in the 
regulation of virulence factors in Vibrio splendidus through the QS system (Zhang et al., 2016). 
Moreover, there are indications that quorum sensing could be involved to modulate metalloproteases in 
Vibrio splendidus (De Decker et al., 2013). Many expressed genes of Vibrio splendidus have been 
identified as related to virulence and some as key molecules in quorum sensing. Their high expression 
levels might activate the quorum sensing system and increase the pathogenicity of Vibrio splendidus (Liu 
et al., 2016). 
The CqsA synthase/CqsS receptor pair is suggested to be present in Photobacterium sp.. Indeed, CqsA 
and cqsS genes are present in four of the five sequenced photobacterial genomes, with Photobacterium 
damselae as exception (Ke et al., 2014). What processes Photobacterium sp. control with CqsA–CqsS is 
yet unknown.  
Alternative sigma factors  
Sigma factors are a class of proteins required for initiation of bacterial RNA synthesis (Gruber and Gross, 
2003). Sigma factors form a specialized subunit of bacterial RNA polymerase (Kazmierczak et al., 2005), 
required to recognize promoters (Feklistov et al., 2014). In addition to housekeeping sigma factors that 
control transcription of essential genes, bacteria also possess alternative sigma factors that identify the 
promoters of a specialized gene repertoire (Feklistov et al., 2014). Alternative sigma factors can affect 
the expression of virulence genes directly or indirectly by enhancing survival against host defense 
(Kazmierczak et al., 2005). Alternative sigma factors can be classified into two structurally unrelated 
families: the σ70 (including the stress sigma factor RpoS) and the σ54 (including RpoN) families. RpoS 
has been reported to be required for the production of pigment and metalloproteases, RpoN to control 
flagellar motility in Vibrio anguillarum (Defoirdt, 2013). RpoN acts as negative regulator of luminescence 
in Vibrio harveyi (Lilley and Bassler, 2000). RpoQ and RpoE have impact on Vibrio fischeri and Vibrio 
parahaemolyticus, respectively (Cao et al., 2012; Haines-Menges et al., 2014). RpoS contributes to 
bacterial survival under conditions of environmental stress including starvation, hyper-osmolarity, 
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oxidative damage, and acid stress (Kazmierczak et al., 2005) and regulates the expression of many genes 
in the stationary phase of growth (Lacour and Landini, 2004). The virulence of a Vibrio anguillarum rpoS 
deletion mutant is severely reduced in zebra fish (Danio rerio) (Ma et al., 2009) and in sea bass 
(Dicentrarchus labrax) larvae (Li et al., 2014). RpoS deletion impairs the production of extracellular 
enzymes, including phospholipase, diastase, lipase, caseinase, hemolysin, catalase, and protease. 
Though RpoS is required for virulence in many pathogens (such as Borrelia burgdorferi, Vibrio cholerae 
and Vibrio anguillarum) in some pathogens, including Erwinia carotovora and Pseudomonas aeruginosa, 
mutants defective for RpoS are more virulent (Dong et al., 2002). RpoS modulates expression of Van T, 
which regulates survival and stress responses (Weber et al., 2008). RpoS regulates indole production in 
E.coli (Lelong et al., 2007) and in Vibrio anguillarum (Li et al., 2014). Indole downregulates RpoS 
expression in Vibrio cholerae (Mueller et al., 2009). This could indicate that indole induces a stress 
response (by inducing expression of RpoS, which is known to be related to stress), and that down-
regulation of indole production by RpoS might be a mechanism to maintain homeostasis (Yang et al., 
2017).  
Indole signaling 
Indole, an organic compound that is widespread in microbial communities inhabiting diverse habitats, is 
a relatively novel addition to the list of signaling molecules used by bacteria (Lee and Lee, 2010). Over 85 
species of bacteria are able to produce indole from the amino acid tryptophan by the enzyme 
tryptophanase (TnaA) (Lee et al., 2015; Newton and Snell, 1965). Indole controls various bacterial 
functions, such as biofilm formation, antibiotic resistance and virulence, both in indole-producing 
bacteria and in indole non-producing bacteria (Hu et al., 2010; Kim and Park, 2015). Moreover, many 
non-indole-producing pathogenic bacteria have developed a way to metabolize extracellular indole 
(Melander et al., 2014). Indole has been shown to freely diffuse across membranes (Pinero-Fernandez et 
al., 2011). An increased production of indole occurs during the stationary phase of growth in many 
bacteria, including vibrios (Melander et al., 2014). In Vibrio cholerae, indole activates genes involved in 
polysaccharide production essential for Vibrio cholerae biofilm formation and is suggested to influences 
the expression of many other genes, including those involved in motility (Mueller et al., 2009). 
Moreover, in Vibrio anguillarum the addition of exogenous indole (50–100 mM) resulted in a decreased 
biofilm formation and exopolysaccharide production (a phenotype that is required for pathogenicity) 
and expression of the exopolysaccharide synthesis gene wbfD (Li et al., 2014). Furthermore, indole 
inhibitors increased the virulence of an rpoS deletion mutant, suggesting that indole acts downstream of 
RpoS (Li et al., 2014). 
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2.3. Research objectives 
The culture of blue mussels is completely capture-based, although hatchery technology is available. 
Driven by sustainability issues, irregular spat settlement and the untapped potential of selective 
breeding (for which hatcheries and nurseries are essential), a shift towards hatchery production of the 
blue mussel is to be expected in the future. However, mass mortalities occurring in dense larval cultures, 
assumed to be of bacterial origin, are a major constraint. Moreover, although juvenile and adult Mytilus 
sp. have long been considered to be robust and resistant to disease, mass mortalities in blue mussel 
culture have been reported in France and the Netherlands since 2010. However, no bacterial pathogens 
causing mortality of Mytilus sp. had been documented. Knowledge with respect to the interaction 
between pathogens and mussels, which is essential to solve disease related problems, is currently 
lacking. Moreover, basic information needed to properly assess the functioning of the immune system in 
mussels, such as a clear description and visualization of the mussel anatomy, is not available.  
 
Therefore the general objective of this thesis is: 
How to contribute to a more sustainable development of mussel aquaculture. 
 
With as specific objectives: 
 to verify whether opportunistic pathogens are associated with wild blue mussel adults  
(Chapter 3) 
 to determine the impact of opportunistic pathogens on blue mussel larviculture (Chapter 4) 
 to describe and visualize the mussel anatomy related to its hemolymph system and thereby 
laying the foundation for a correct hemolymph withdrawal, essential to study the mussel’s 
immune system (Chapter 5) 
 to start unraveling the mechanisms by which pathogens cause disease in mussel larvae  
(Chapter 6) 
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Chapter 3: Stimulation of heterotrophic bacteria 
associated with wild-caught blue mussel (Mytilus 
edulis) adults results in mass mortality 
3.1. Abstract 
Although hatchery technology is available and although hatcheries have several advantages over 
collection of natural spat, hatchery production of blue mussel (Mytilus edulis) larvae currently is not 
economically feasible. In contrast to other bivalves such as oysters and clams, no mortality episodes due 
to pathogenic bacteria have been described for adult blue mussel thus far. In this study, we aimed at 
investigating whether opportunistic pathogens are associated with wild-caught adult blue mussel, as we 
reasoned that environmental conditions that are beneficial to opportunistic pathogens might be 
responsible for mass mortalities of mussel larvae under hatchery conditions. The growth of 
heterotrophic bacteria associated with wild-caught blue mussel adults was stimulated by the addition of 
organic matter (tryptone and yeast extract) to the rearing water. The addition of organic matter resulted 
in a 3 log increase in total heterotrophic bacterial counts in the rearing water, and resulted in complete 
mortality of the animals after 6 days, and this could be prevented by the addition of antibiotics. Water 
quality parameters (TAN, nitrite, oxygen and pH) were monitored regularly, and were all within the 
acceptable range throughout the experiment, excluding water quality deterioration as the cause of 
mortality. These data might give a first insight into the reason why blue mussel larviculture still is 
problematic. 
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3.2. Introduction  
Today, blue mussel culture depends on natural spat. Although hatchery technology is available (FAO, 
2014) and although hatcheries have several advantages over collection of natural spat (including the 
growth of a particular strain, the possibility of genetic enhancement, and a reliable and flexible timing of 
supply), they are not yet cost-effective (Helm and Bourne, 2004). A major bottleneck in this regard is the 
unexpected mass mortality events in dense larval cultures. The underlying cause of these mortality 
events is currently unknown, but is probably of microbial origin, as documented for many other bivalve 
species (Beaz-Hidalgo et al., 2010; Genard et al., 2013). Indeed, larval stages of many aquatic species are 
highly susceptible to (bacterial) disease, often resulting in mass mortalities, and in several cases, larval 
rearing in captivity even is not possible or not (economically) feasible because of disease problems 
(Defoirdt et al., 2011). Due to recent shortage in natural supply, legislative limitations regarding 
harvesting techniques, and questions with respect to sustainability, research aiming at making hatchery 
production economically feasible is urgently needed.  
Remarkably, and in contrast to other bivalve species, no bacterial pathogens of blue mussel have been 
documented thus far (Philipp et al., 2012). Few mass mortality events have been documented, which 
however were ascribed to adverse environmental conditions or toxic algal blooms rather than 
pathogenic bacteria (Peperzak and Poelman, 2008; Tsuchiya, 1983). Moreover, literature reports 
generally consider Mytilus sp. to be very robust and resistant to disease because of a well-working 
immune system (Philipp et al., 2012; Venier et al., 2011). Hence, there is an intriguing inconsistency 
between adults being highly resistant to bacterial infections and larval stages being susceptible to mass 
mortality events in hatcheries. This inconsistency might reflect either the adults having a better 
developed defense system than the larvae and/or differences in environmental conditions shifting the 
host-pathogen interaction either into the benefit of the host (in case of adults in grow-out cultures) or 
the pathogen (in case of larvae in hatcheries). Indeed, disease is generally known to be the result of an 
imbalance in the host-pathogen-environment continuum (Defoirdt et al., 2011). In case of hatcheries, 
larvae are cultured in high densities, which inevitably will result in higher loads of organic matter in the 
rearing water. Such conditions are highly favorable for opportunistic pathogens (i.e. pathogens that are 
able to reproduce outside the host (Brown et al., 2012) since they often are fast growers (Skjermo and 
Vadstein, 1999). In this study, we aimed at investigating whether opportunistic pathogens are 
associated with wild-caught adult blue mussel as transmission of these pathogens to their offspring 
might be at the origin of mass mortalities of larvae under hatchery conditions (Dubert et al., 2017).  
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3.3. Materials and methods 
3.3.1. Experimental animals and set-up 
Wild-caught blue mussel adults (Mytilus edulis) harvested from the Oosterscheldt - the Netherlands 
were transported in thermo-stable containers to the Laboratory of Aquaculture & Artemia Reference 
center (Faculty of Bioscience Engineering, Ghent University, Belgium). Debris and dead animals were 
removed and the mussels were thoroughly rinsed before being acclimatized for 48 hours. Groups of 20 
mussels were randomly stocked in duplicate in covered aerated rectangular tanks filled with 4L of sea 
water. The seawater had a salinity of 32gL-1 and a temperature of 20°C. All seawater used was filtered at 
0.2 µm. The growth of mussel-associated bacteria was stimulated by a unique addition of tryptone 
(Biokar diagnostics) and yeast extract (Fisher Scientific) to the mussel rearing water at the start of the 
experiment at 100 mg L-1 and 50 mg L-1, respectively. In a control treatment also receiving tryptone and 
yeast extract, 20 mg L-1 rifampicin (Sigma-Aldrich) was added to the rearing water every 2 days. Two 
additional controls consisted of (1) a blank (no addition) and (2) addition of rifampicin only. During the 
experiment, the mussels were not fed, mortality was scored daily and dead animals were removed. 
Criteria used to consider animals as being dead were gaping and lack of response to mechanical 
stimulation of exposed body parts (Epifanio and Srna, 1975). The experiments lasted for 7 days. 
 
3.3.2. Monitoring of water quality parameters 
Water quality was monitored every 3h on day 1 and further daily until the end of the experiment. 
Dissolved oxygen was measured using a dissolved oxygen meter (WTW cellox 325), and pH was 
measured with a pocket pH meter (WTW pH 330). Nitrite and Total Ammoniacal Nitrogen (TAN) levels 
were determined photometrically and colorimetrically (Neβler) respectively, using a Tecan infinite M200 
microplate reader (Tecan, Mechelen, Belgium).  
 
3.3.3. Determination of total heterotrophic bacterial counts 
Total heterotrophic bacterial counts were monitored every 3h during the first 21h of the experiment by 
spread-plating on Marine Agar (Carl Roth). Plates were incubated at 18°C for 48h. 
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3.3.4. Statistics 
Statistical analyses were performed using the SPSS software, version 24. A significance level of 1 % was 
used in all tests. Normality of the data was verified with the Kolmogorov-Smirnov test and different 
treatments were subsequently compared with One-way ANOVA, with Tukey's post-hoc test. 
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3.4. Results and discussion  
In this study, the growth of heterotrophic bacteria associated with wild-caught blue mussel adults was 
stimulated by adding 150 mg L-1 easily degradable organic matter to the rearing water to simulate high 
organic load of densely stocked culture systems. Under these conditions, complete mortality was 
observed after 6 days (Figure 3-1). This could be prevented by the addition of rifampicin, resulting in 75 
% survival. Treatments without extra nutrients, either with or without rifampicin, showed no significant 
mortality, suggesting that heterotrophic rifampicin-sensitive bacteria were the causative agent. The 
amount of organic matter added in this study is within the same order of what is present in the rearing 
water of intensive closed aquaculture systems (Burford et al., 2003). 
 
Figure 3-1: Survival of blue mussel adults with and without the addition of soluble nutrients (100 mg/l tryptone and 50 mg L
-1
 
yeast extract) to stimulate the growth of heterotrophic bacteria, and with and without the addition of rifampicin (20 mg L
-1
). 
Nutrients were added to the rearing water at the start of the experiment and rifampicin was added every 2 days to the rearing 
water of the respective treatments. Error bars represent the standard deviation of 2 replicate mussel cultures. These data are 
representative of 4 independent experiments using animals caught on different occasions. Different letters denote significant 
differences (ANOVA with Tukey’s post-hoc test; P>0.01) for 4 independent experiments on day 7.  
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The density of heterotrophic bacteria in the rearing water indeed showed a strong increase during the 
first day after addition of the nutrients, resulting in a 3 log difference in bacterial cell counts when 
compared to the blank treatment (Figure 3-2), confirming the stimulating effect of the nutrients for the 
mussel-associated heterotrophic bacteria. We could exclude other sources of heterotrophic bacteria as 
the rearing water was filtered over a 0.2 µm filter. The final density reached 107-108 CFUmL-1, which is 
situated at the higher end of what is found in the rearing water of aquaculture systems (Blancheton et 
al., 2013; Burford et al., 2003).  
 
Figure 3-2: Total heterotrophic bacterial counts of the mussel rearing water with and without the addition of soluble nutrients 
(100 mg L
-1
 tryptone and 50 mg L
-1
 yeast extract) to stimulate the growth of heterotrophic bacteria. Nutrients were added to 
the rearing water at the start of the experiment. Error bars represent the standard deviation of 3 replicate mussel cultures. 
In order to exclude water quality deterioration as cause of the mortality, water quality of the mussel 
rearing water was monitored regularly. pH values varied between 7.8 and 8.3 throughout the 
experiment, which correlates well with the overall average of pH 8.14 for seawater (Jacobson, 2005). 
Dissolved oxygen varied between 4 and 5 mg L-1 with brief drops to 3 mg L-1 in some tanks due to 
malposition of the aeration tubes. These values are within the acceptable range for blue mussel (Bayne, 
1976; Famme et al., 1981). Theede et al. (1969) reported that under laboratory conditions, blue mussels 
survived 35 days in water containing only 0.15 mg L-1 oxygen. Total Ammoniacal Nitrogen (TAN) peaked 
1,0E+03
1,0E+04
1,0E+05
1,0E+06
1,0E+07
1,0E+08
0 5 10 15 20
C
e
ll 
d
en
si
ty
 (
C
FU
/m
l)
 
Time (h) 
Nutrients
Blank
Chapter 3 
67 
 
at the onset of the experiment to 5 mg L-1 and decreased thereafter to 0 mg L-1. Nitrite levels ranged 
between 0 and 2 mg L-1 throughout the experiment. Importantly, there were no differences between 
treatments in all water quality parameters that were monitored. However, since no reference data are 
available for Mytilus edulis regarding tolerance towards TAN and nitrite, an additional experiment was 
performed in which mussels were exposed to a fivefold of the maximal TAN and nitrite levels recorded, 
i.e. 25 mg L-1 and 10 mg L-1, respectively, in order to further exclude ammonia or nitrite as cause of 
death. A high survival of at least 90 % survival after 5 days was observed in both treatments, indicating 
that blue mussel has a rather high tolerance towards TAN and nitrite. This is consistent with the high 
tolerance level reported for related bivalve species (Epifanio and Srna, 1975). 
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3.5. Conclusions 
In conclusion, these data suggest that opportunistic pathogens are associated with healthy wild-caught 
blue mussel adults. Although this species is generally considered to be very robust, we could readily 
induce mass mortality by stimulating the mussel-associated heterotrophic bacteria. Since these 
pathogens might be transferred from the adults to their offspring, these data might give a first 
indication of the reason why blue mussel larviculture still is problematic. In our further research, we will 
aim at the identification and (virulence) characterization of bacteria isolated from induced mortality 
events as described in the current study.  
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Chapter 4: Isolation of Vibrionaceae from wild blue 
mussel (Mytilus edulis) adults and their impact 
on blue mussel larviculture 
4.1. Abstract 
The blue mussel (Mytilus edulis) is known as a robust mollusk species, although its larviculture appears to 
be highly susceptible to diseases. In this study, we isolated 17 strains from induced mortality events in 
healthy wild-caught blue mussel adults and demonstrated that they caused between 17 and 98 % 
mortality in blue mussel larvae in a newly developed, highly controlled immersion challenge test model. 
Eight of the isolates belong to the Splendidus clade of vibrios, while the other isolates belong to the 
genus Photobacterium. The genomes of the most virulent Vibrio isolate and the most virulent 
Photobacterium isolate were sequenced and contained several genes encoding factors that have 
previously been linked to virulence towards mollusks. In vitro tests confirmed that all 17 isolates were 
positive for these virulence factors. The sequenced genomes also contained a remarkably high number 
of multidrug resistance genes. We therefore assessed the sensitivity of all isolates to a broad range of 
antibiotics and found that there were indeed many strong positive correlations between the sensitivities 
of the isolates to different antibiotics. Our data provide an ecological insight into mass mortality in blue 
mussels as they indicate that wild mussels contain a reservoir of mussel pathogenic bacteria. 
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4.2. Introduction  
Mussels are the most important aquaculture species in Europe (based on live weight). The two main 
cultivated species are the blue mussel (Mytilus edulis) and the Mediterranean mussel (Mytilus 
galloprovincialis) (EC., 2015). Today, blue mussel culture is 100 % based on the capture of larvae or 
juveniles. Mussel spat is collected from the wild and transferred for grow-out to different coastal rearing 
systems until they reach commercial size, after about 1.5-2 years of culture (Helm and Bourne, 2004). 
Irregular spat settlement has affected natural blue mussel populations in many European waters (FAO, 
2004). Fluctuations of natural conditions, predominantly temperature, can lead directly (impact on 
survival) and/or indirectly (impact on predator/pathogen populations) to fluctuations in natural spat 
availability, which is translated in unpredictable production levels. Furthermore, over-exploitation and 
harmful spat collection methods have a detrimental impact on natural ecosystems, and in order to avoid 
this, more sustainable production methods are needed. In the Netherlands, a gradual change from 
bottom spat collection (28 % reduction in 2014) towards suspended mussel spat collectors is being 
implemented, and alternative spat production methods are encouraged, driven by both ecological and 
economic incentives (Ministry of economic affairs, the Netherlands, 2014).  
 
Hatchery production of seed provides a good alternative to spat collection from nature. The technology 
to produce blue mussel spat in hatcheries is available (FAO, 2004) and has several advantages over the 
collection of natural spat (e.g. the possibility to establish breeding programs). However, commercial 
hatchery production is not yet widely applied due to the high costs associated with the production of 
micro-algae as feed (Carrasco et al., 2015), the low market value of mussels in contrast to some other 
bivalves like oysters (FAO, 2004) and because of mass mortalities that occur in dense larval cultures 
(Sainz-Hernandez and Maeda-Martinez, 2005). The underlying cause of these mortality events is most 
probably of microbial origin (Powell et al., 2013). Similar to blue mussels, several species of aquatic 
animals suffer from highly unpredictable larval survival rates, or their culture simply is not feasible as a 
result of bacterial diseases (Vadstein et al., 2013). Vibrios are amongst the major bacterial pathogens of 
marine organisms and have been generally recognized as pathogens for several bivalves (Beaz-Hidalgo et 
al., 2010; Genard et al., 2013; Jorquera et al., 2001; Lemire et al., 2015; Travers et al., 2015). In addition 
to the presence of pathogens, environmental factors (most notably temperature and availability of 
nutrients) have a strong impact on whether or not disease and mortality effectively will occur (Lokmer 
and Wegner, 2015).  
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Until the recent mass mortalities in blue mussel production areas in France, very few mass mortality 
events have been reported and no bacterial pathogens of blue mussel have been documented thus far 
(Philipp et al., 2012). Ben Cheikh et al. (2016) very recently reported the isolation of a Vibrio strain 
(10/068 1T1) that is putatively pathogenic to blue mussel. However, further research is needed to 
confirm its virulence under relevant conditions. In fact, Mytilus sp. are usually considered to be very 
robust and resistant to disease (Philipp et al., 2012; Tanguy et al., 2013; Venier et al., 2011). However, 
since 2010, abnormal mortality events have occurred in farmed blue mussels in France (Ben Cheikh et 
al., 2016), and we recently documented that mass mortality can be induced in healthy wild-caught blue 
mussel adults by stimulating the mussel-associated heterotrophic bacteria (Chapter 3). In the present 
study, we aimed to isolate and identify vibrios from mass mortality events as described in (Chapter 3), 
and to verify whether these isolates are pathogenic to blue mussel larvae.  
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4.3. Materials and Methods 
4.3.1 Isolation of Vibrionaceae from induced mass mortality events in Mytilus 
edulis 
Mass mortality was induced in blue mussel (Mytilus edulis) adults as described previously (Eggermont et 
al., 2014). Briefly, blue mussel adults harvested from the Oosterschelde River (the Netherlands) were 
transported in thermo-stable containers to the laboratory. Debris and dead animals were removed and 
the mussels were thoroughly rinsed with filtered (0.2 µm) sea water before being acclimatized for 48 
hours. Groups of 20 mussels were randomly stocked in duplicate in covered aerated rectangular tanks 
filled with 4 L of filtered (0.2 µm) natural sea water. The growth of mussel-associated bacteria was 
stimulated by a unique addition of 100 mg L-1 tryptone (Biokar diagnostics) and 50 mg L-1 yeast extract 
(Fisher Scientific) to the mussel rearing water at the start of the experiment. In a control treatment also 
receiving tryptone and yeast extract, 20 mg L-1 rifampicin (Sigma-Aldrich) was added to the rearing water 
every 2 days. Two additional controls consisted of a blank and addition of rifampicin only, respectively. 
During the experiment, the mussels were not fed, mortality was scored daily and dead animals were 
removed. Bacteria were isolated from tanks when mortality was occurring, more specifically from 
homogenized mussel tissue and from mussel hemolymph. For mussel tissue isolates, mussels were 
aseptically removed from their shell, rinsed with sterile seawater and subsequently homogenized. Sterile 
sea water was added to allow efficient homogenization of the tissues. The recipient was consequently 
centrifuged and the supernatant was retained. For hemolymph samples, 500 µL aliquots were taken 
from the adductor muscle of live mussels after sedation with MgCl2 (28 g L
-1, maintaining a salinity of 35 g 
L-1) until valves did not close upon contact. Dilution series of all samples were prepared and 50 µL 
aliquots were plated on Thiosulfate-Citrate-Bile salts-sucrose (TCBS) agar and incubated at 18° C for 24 h. 
Individual colonies with different morphology/size were picked and suspended in 500 µL sterile sea 
water. 50 µL aliquots were transferred to new TCBS plates, and this procedure was repeated twice. 
Duplicates as manifested by ERIC-PCR fingerprinting (Ruwandeepika et al., 2011) were excluded. The 
isolates that were retained for further testing are listed in Table 4-1. 
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Table 4-1: Selected bacterial strains isolated from diseased blue mussel (Mytilus edulis) adults. 
Isolate Origin   Identification Most closely related strain based on 
16S rDNA sequencing 
16S rDNA 
identity 
(%) 
Amplicon 
length 
(bp) 
GenBank 
accession 
No. 
ME2 Homogenized tissue  Photobacterium sp. Photobacterium swingsii GQ386822 97.9 1 167 KT792703 
ME3A Hemolymph  Splendidus clade Vibrio sp. Vibrio lentus AJ278881 99.6 1 110 KT792719 
ME3B Hemolymph  Photobacterium sp. Photobacterium swingsii GQ386822 96.6 1 029 KT792704 
ME4A Homogenized tissue  Splendidus clade Vibrio sp. Vibrio hemicentroti JX204734 99.3 942 KT792714 
ME4B Homogenized tissue  Photobacterium sp. Photobacterium swingsii GQ386822 96.8 1 010 KT792705 
ME5 Hemolymph  Photobacterium sp. Photobacterium swingsii GQ386822 96.6 1 000 KT792706 
ME6 Homogenized tissue  Splendidus clade Vibrio sp. Vibrio hemicentroti JX204734 99.4 1 101 KT792715 
ME7 Homogenized tissue  Splendidus clade Vibrio sp. Vibrio hemicentroti JX204734 99.3 1 031 KT792720 
ME8 Homogenized tissue  Photobacterium sp. Photobacterium swingsii GQ386822 96.7 847 KT792707 
        
ME9 Hemolymph  Vibrio hemicentroti
1
 Vibrio hemicentroti JX204734 100 1 565 KT792716 
ME10 Hemolymph  Splendidus clade Vibrio sp. Vibrio hemicentroti JX204734 99.6 1 089 KT792721 
ME11 Hemolymph  Photobacterium sp.
 
Photobacterium swingsii GQ386822 98.1 1 061 KT792708 
ME13A Homogenized tissue  Splendidus clade Vibrio sp. Vibrio hemicentroti JX204734 99.4 1 085 KT792717 
ME13B Homogenized tissue  Photobacterium sp. Photobacterium swingsii GQ386822 96.5 1 009 KT792709 
ME14A Hemolymph  Splendidus clade Vibrio sp. Vibrio hemicentroti JX204734 99.3 1 130 KT792718 
ME14B Hemolymph  Photobacterium sp. Photobacterium swingsii GQ386822 97.1 905 KT792710 
ME15 Homogenized tissue  Photobacterium 
sanguinicancri
1
 
Photobacterium swingsii GQ386822 98.5 1 465 KT792711 
 
1 Based on the full genome sequence
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4.3.2 Selection of natural rifampicin-resistant mutants of the isolates  
Natural rifampicin-resistant mutants of the isolates were selected as described before (Pande et al., 
2013). Briefly, the isolates were grown overnight in Luria-Bertani broth containing 35 g L-1 NaCl (LB35), 
whereupon 10 % (v/v) was transferred to fresh LB35 broth containing 50 mg L
-1 rifampicin. The 
suspensions were incubated for 5 days at 18o C under constant agitation (100 min-1). Grown cultures 
were inoculated (1 % v/v) into fresh LB35 broth with 50 mg L
-1 rifampicin and incubated overnight at 18° 
C. The cultures were stored at -80o C in 40 % glycerol until further use. The rifampicin resistant mutants 
were used in all further experiments.  
 
4.3.3 Bacterial growth conditions 
Isolates were inoculated on TCBS agar supplemented with rifampicin (50 mg L-1) and grown overnight at 
18° C. A single colony was picked and inoculated into 5 mL of fresh LB35 medium and grown overnight at 
18° C with constant agitation. Cell density was determined at 600 nm using a spectrophotometer 
(Thermo spectronic genesis 20, Thermo Fisher Scientific, Belgium). 
 
4.3.4 Identification of the isolates 
Identification of bacterial isolates was done as described earlier (Gomez-Gil et al., 2012). Briefly, DNA of 
the strains was extracted with a commercial kit (Wizard Genomic DNA purification kit; Promega Benelux, 
the Netherlands) according to the manufacturer’s instructions. The DNA concentration was adjusted to 
50 ng µl-1. The 16S rRNA gene was amplified with universal primers (27F, AGAGTTTGATCMTGGCTCAG; 
1491R, TACGGYTACCTTGTTACGACTT). The amplification program was one cycle at 94° C for 2 min, 35 
cycles at 94° C for 1 min, 56° C for 1 min, 72° C for 1 min; and one final extension cycle at 72° C for 5 min. 
Sanger sequencing was done by Macrogen (Korea). 16S rRNA sequences were cleaned and aligned with 
Geneious ver. 7.1.9 (BioMatters Ltd., New Zealand) and phylogeny reconstruction was done with Mega 
ver. 6.0 (Tamura et al., 2013). Identification was done following Kim et al. (2012) using the EzTaxon 
server (http://www.ezbiocloud.net/eztaxon). GenBank Accession numbers are presented in Table 4-1. 
 
4.3.5 Genome sequencing of isolates ME9 and ME15  
The whole genome of the isolates ME9 and ME15 was sequenced with an Ion Torrent platform as 
described earlier (Gonzalez-Castillo et al., 2015). Briefly, the library was prepared with an Ion Plus 
Fragment Library Kit (Applied Biosystems, USA) and fragmented with a BioRuptor-Sonication System 
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following the manufacturers’ instructions. The Libraries were barcoded (NEXTflex DNA Barcodes, Bio 
Scientific, USA) and quantification was calculated with an Ion Library Quantization kit using TaqMan_ in a 
CFX96 Real-Time PCR System (Bio-Rad, USA). Emulsion PCR and enrichment steps were performed using 
an Ion OneTouch2T 200 Template Kit v2, and sequencing was carried out in a 318 chip. Reads were 
processed with the Torrent Suite 1.5, cleaned with proprietary scripts and assembled de novo into 
contigs with Newbler (RunAssembly ver. 2.3). Genes were annotated with the RAST server (http://rast. 
nmpdr.org/) (Aziz et al., 2008). The genome sequences have been submitted to GenBank under the 
Accession numbers MKIW00000000.1 and NZ_LNGM00000000.1 for ME9 and ME15, respectively. 
 
4.3.6 Rearing of blue mussel D-larvae 
Wild-caught mature blue mussels were stimulated to spawn by thermal shocking in sterile sea water for 
20-30 min at 5° C and 20° C, respectively, until gametes were released. Spawning males and females 
were transferred to sterile plastic cups containing 50 mL sterile sea water and allowed to spawn for 15 
minutes. Sperm and eggs were collected and gently mixed at a 10:1 ratio in a beaker containing 1 L of 
sterile sea water. After the appearance of polar bodies, the eggs were gently rinsed with sterile sea 
water using a sterile 30 μm sieve to remove excess sperm. Fertilized eggs were incubated in 2 L of sterile 
sea water (max 100 eggs mL-1) containing chloramphenicol, nitrofurazone and enrofloxacin (each at 10 
mg L-1). After two days of incubation, D-larvae were harvested on a sterile 60 μm sieve. The larvae were 
washed gently with sterile sea water to remove the antibiotics. Rinsed D-larvae were transferred to a 
beaker containing 1 L of sterile sea water and distributed uniformly using a plunger. Subsamples were 
taken to calculate the larval density, and the density was corrected in order to obtain a final 
concentration of 250 larvae mL-1. All manipulations were performed under a laminar flow hood. 
To evaluate the microbial load of the larvae, a subsample of approximately 1000 larvae was 
homogenized in 1 mL sterile sea water and plated on Marine Agar (MA) at the start of the challenge test 
(after washing) and during the challenge test. 100 µL aliquots of the culture water of the different 
control treatments were plated using a spiral plater (L.E.D. Technonv, Belgium) on MA and TCBS. Plates 
were incubated at 18° C for 48 h.  
 
4.3.7 Challenge tests 
One mL aliquots of the larval suspension were transferred to 24-well plates. Rifampicin was added at 10 
mg L-1 to avoid contamination. Tryptone (Biokar diagnostics, Belgium) and yeast extract (Thermo Fisher 
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Scientific, Belgium) were added at 10 mg L−1 and 5 mg L−1, respectively. The final larval density was 
approximately 200 larvae mL-1. Natural rifampicin resistant mutants of the isolates were inoculated into 
the rearing water at 105 cells mL-1. Larvae to which no bacteria were added and that were otherwise 
treated in the same way as challenged larvae, were used as controls. Each treatment was performed in 
24 replicates. The plates were incubated at 18° C. Each day, four replicates per treatment were stained 
with lugol (5 % (v/v)), and stained larvae were counted under a binocular microscope (Nikon Eclipse E 
200, Nikon Instruments Europe). Larvae were considered alive when stained black by lugol, death if only 
parts of the larvae were stained or if shells were empty. The percentage of survival was calculated 
relative to the number of larvae stocked in a reference plate (as a consequence, the percentage survival 
can exceed 100%). The challenge test was validated using a known bivalve pathogen, Vibrio tasmaniensis 
LGP32 (Le Roux et al., 2009) and Vibrio anguillarum NB10 (Norqvist et al., 1990). 
 
4.3.8 Growth rates of the isolates 
Growth rates of the isolates were calculated as described by Hall et al. (2014). Freshly grown cultures 
(OD600 = 1) were diluted in fresh LB35broth. 200 µL aliquots were loaded into a 96-well plate in triplicate. 
Absorbance was measured every hour till stationary phase with infinite M200 reader (TECAN) at 18° C. 
Data were analysed  as described by Hall et al. (2014). 
 
4.3.9 Virulence factor assays 
Caseinase, gelatinase and hemolytic activities were determined according to Natrah et al. (2011). For 
each assay, overnight grown cultures were diluted to an OD600 of 0.5, and 5 μL of the diluted cultures 
were inoculated in the center of the test plates. All assays were done at least in triplicate. Caseinase 
activity was assessed on skim milk agar plates. Colony and clearing zone diameters were measured after 
72 h incubation at 18° C.  
Gelatinase assay plates were prepared by mixing 0.5 % gelatin (Sigma–Aldrich) into the agar. After 
incubation for 7 days, saturated ammonium sulphate (80 % solution in distilled water) was poured over 
the plates and after 2 min, the diameters of the clearing zones around the colonies were measured.  
Hemolytic assay plates were prepared by supplementing Marine Agar with 5 % defibrinated sheep blood 
(Thermo Fisher Scientific, Belgium), and clearing zones were measured after 2 days of incubation at 18°C. 
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Swimming motility was assessed as described previously by Yang and Defoirdt (2015). Briefly, 5 µL 
aliquots of the isolates (OD600 = 1) were inoculated in the center of LB35 soft agar (0.2 % agar) plates in 
triplicate. Plates were incubated upright at 18°C, and motility halos were measured after 24 h.  
 
4.3.10 Testing of antibiotic susceptibility 
Susceptibility to a set of 12 antibiotics was screened by a disk diffusion assay. 50 µL of overnight grown 
cultures of the isolates were spread over LB35 agar plates, after which antibiotic disks (Oxoid) were 
placed on top of the agar. The disks contained 30 mg of antibiotic, except for enrofloxacin (5), ampicillin 
(10), streptomycin and trimethoprim/sulphametoxazole (25) and nitrofurantoin (50). The plates were 
incubated for 2 days at 18° C, after which the diameters of the growth inhibition zones were measured. 
Each isolate was assessed in triplicate. 
 
4.3.11 Statistics 
Statistical analyses were performed using the SPSS software, version 24. A significance level of 1 % was 
used in all analyses. Normality of the data was verified with the Kolmogorov-Smirnov test. Different 
treatments were subsequently compared with independent samples t-tests with Levene’s test for 
equality of variances. The strength of the relationships between the sensitivities of the isolates to the 
tested antibiotics was measured by calculating Spearman’s rank correlation coefficients. 
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4.4. Results 
4.4.1 Isolation of Vibrionaceae from mass mortality events in wild-caught blue 
mussel adults 
The growth of heterotrophic bacteria associated with wild-caught blue mussel adults was stimulated by 
adding easily degradable dissolved organic matter to the rearing water to simulate high organic load of 
densely stocked rearing systems. Complete mortality was observed within one week, and this could be 
prevented by the addition of rifampicin, resulting in at least 75 % survival after one week. Bacteria were 
isolated from mussel rearing water, mussel hemolymph and mussel tissue at the onset of mass mortality. 
After purification and excluding duplicate strains by ERIC-PCR fingerprinting, 17 isolates were retained 
for further testing (Table 4-1). 
 
4.4.2 Virulence of the isolates towards blue mussel larvae 
In a further experiment, we aimed at investigating the virulence of the selected isolates towards blue 
mussel larvae in an immersion challenge test using a highly controlled experimental set-up. Due to the 
mussel egg’s fragile physiology (no egg shell), it was not possible to completely disinfect the eggs with 
strong disinfectants. Therefore, in order to reduce the microbial load of the larvae as much as possible, 
the spawning was performed in filtered autoclaved seawater, and a mixture of antibiotics was 
administered during the development to D-larvae. Moreover, rifampicin was administered to the rearing 
water throughout the challenge and natural rifampicin resistant mutants of the different isolates were 
used. The challenge test protocol was validated with 2 strains: Vibrio tasmaniensis LGP32 (a known 
bivalve pathogen) and Vibrio anguillarum NB10. Both strains were found to cause significant mortality in 
mussel larvae, and this was each time reproducible in 2 independent repetitions of the challenge test 
(Figure 4-1). 
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A 
 
B 
 
Figure 4-1: Survival of blue mussel larvae after 1, 2, 3, 4 and 5 days of challenge with Vibrio tasmaniensis LGP32 (panel A) 
and Vibrio anguillarum NB10 (panel B) , each time in two independent experiments (denoted (1) and (2), respectively). 
Error bars represent the standard deviation of 4 replicate mussel cultures. 
 
In further experiments, the isolated strains were tested, and significant larval mortality (P < 0.01) was 
observed for all isolates from day 3 onwards (Figure 4-2). There was, however, a large variation in the 
virulence of different isolates, with survival of challenged larvae ranging from 2 % to 83 % after 5 days. 
Eight strains (i.e. ME3A, ME4A, ME5, ME6, ME7, ME9, ME14A and ME15) caused more than 50 % 
mortality after 5 days of challenge (Figure 4-2). Isolate ME9 was the most virulent one, causing 69 % 
mortality within 2 days and more than 98 % mortality after 5 days. Almost no mortality (< 1 %) was 
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observed in the control treatment, indicating good larval quality and absence of pathogens associated 
with the larvae.  
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Figure 4-2: Survival of blue mussel larvae after 1, 2, 3, 4 and 5 days of challenge with the isolates (panels A, B, C, D and E, 
respectively). Error bars represent the standard deviation of 4 replicate mussel cultures. Asterisks indicate a significant 
difference in survival when compared to the survival in the control treatment (independent samples t-test; **: P < 0.01; ***: P < 
0.001). “Control” refers to non-challenged larvae that were otherwise treated in the same way as challenged larvae. 
In order to obtain an indication of the bacterial load of the larvae, at the onset of the challenge test, 
2000 larvae were homogenized in triplicate in 100 µL sterile sea water, and the suspensions were plated 
on Marine Agar. After 72 h of incubation, no growth was observed on any of the plates. Furthermore, 
the bacterial load of the rearing water of the control treatment was monitored daily during the 5 days of 
the experiment by plate-counting on Marine Agar and TCBS Agar. No growth was observed in any of the 
samples. 
 
4.4.3 Growth rates of the isolates 
All isolates grew well at 18° C in LB35 broth, with a relatively low variability in growth rate amongst the 
isolates (coefficient of variation of 9 %) (Table 4-2). No significant correlation was found between the 
growth rate of the isolates and the mortality rate of mussel larvae challenged with the respective 
isolates (Spearman’s rho = 0.118; P = 0.629). 
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Table 4-2: Growth rates of the isolates in LB35 broth at 18°C (average ± standard deviation of 4 replicates). 
Isolate Growth rate 
(min
-1
) 
ME2 3.4 ± 1.2 
ME3A 1.7 ± 0.5 
ME3B 2.9 ± 0.2 
ME4A 1.7 ± 0.5 
ME4B 2.6 ± 0.5 
ME5 2.6 ± 0.2 
ME6 1.4 ± 0.2 
ME7 1.7 ± 0.2  
ME8 2.6 ± 0.2 
ME9 5.8 ± 0.2 
ME10 4.3 ± 0.2 
ME11 3.1 ± 0.0 
ME13A 2.6 ± 0.7 
ME13B 5.3 ± 0.0 
ME14A 5.8 ± 0.2 
ME14B 4.1 ± 0.2 
ME15 6.0 ± 0.2 
 
 
4.4.4 Identification of the isolates  
The isolates were identified based on their 16S rRNA gene sequence (Table 4-1). Eight isolates were 
assigned to the genus Vibrio and nine to the genus Photobacterium. All isolates identified as Vibrio 
belonged to the Splendidus clade (Figure 4-3); seven were closest to Vibrio hemicentroti and one to 
Vibrio lentus. The isolates identified as Photobacterium (Figure 4-4) could not be identified below genus 
level. The genomes of the most virulent Vibrio sp. isolate and the most virulent Photobacterium sp. 
isolate, i.e. ME9 and ME15, respectively, were sequenced (Table 8-1S, Table 8-2S, Table 8-3S and Table 
8-4S). Average nucleotide analyses (Richter and Rossello-Mora, 2009) of the ME9 and ME15 genomes 
against their respectively type strains permuted to clearly identify the strains; ME9 belongs to the 
species Vibrio hemicentroti (ANI 96.7), whereas isolate ME15 belongs to Photobacterium sanguinicancri 
(Gomez-Gil et al., 2016). 
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Figure 4-3: 16S rRNA gene dendrogram of isolates identified as members of the Splendidus clade of vibrios (inferred using the 
Neighbor-Joining method). The evolutionary distances were computed using the Jukes-Cantor method and are in the units of 
the number of base substitutions per site (scale). The percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) are shown as thick branch lines for values above 50%. This analysis was 
performed by Bruno Gomez-Gill, CIAD, México. 
 
Chapter 4 
88 
 
 
Figure 4-4: 16S rRNA dendrogram of isolates identified as Photobacterium sp. (inferred using the Neighbor-Joining method). The 
evolutionary distances were computed using the Jukes-Cantor method and are in the units of the number of base substitutions 
per site (scale). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown as thick branch lines for values above 50%. This analysis was performed by Bruno Gomez-Gill, CIAD, 
México. 
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4.4.5 Production of virulence factors and sensitivity to antibiotics 
We screened the genome sequences of the most virulent isolates (ME9 and ME15) for genes that are 
involved in processes that have been associated with virulence towards mollusks, such as extracellular 
protease (gelatinase and caseinase) production and hemolytic activity (Labreuche et al., 2010; Labreuche 
et al., 2006), and flagellar motility (Yang and Defoirdt, 2015). Several genes related to these processes 
were indeed present in the genomes of these two isolates (Table 8-1S, Table 8-2S, Table 8-3S, and Table 
8-4SError! Reference source not found.). We subsequently tested all isolates for the production of these 
virulence factors, and all isolates tested positive for all of them (Table 4-3). Overall, there was a low 
variability between the different strains with respect to production of the lytic enzymes (variation 
coefficients of 8 %, 12 % and 5 % for gelatinase, caseinase and hemolysin, respectively). Swimming 
motility, however, showed a relatively high variability between the strains (variation coefficient of 52 %). 
Finally, no correlation was observed between the levels of these (putative) virulence factors and the 
mussel larval mortality induced by the respective isolates (|Spearman’s rho|< 0.139; P > 0.561).  
Table 4-3: Virulence factor production by the different isolates (average ± standard deviation of 3 replicates). 
Isolate Swimming 
motility
a 
Caseinase 
activity
b
 
Gelatinase 
activity
b
 
Hemolytic 
activity
b
 
ME2 43 ± 6 1.3 ± 0.0 1.7 ± 0.1 1.2 ± 0.0 
ME3A 24 ± 4 1.3 ± 0.0 1.6 ± 0.2 1.1 ± 0.0 
ME3B 35 ± 6 1.1 ± 0.1 2.0 ± 0.1 1.1 ± 0.0 
ME4A 41 ± 3 1.4 ± 0.0 1.7 ± 0.1 1.2 ± 0.0 
ME4B 49 ± 7 1.2 ± 0.1 1.6 ± 0.1 1.1 ± 0.0 
ME5 46 ± 7 1.2 ± 0.0 1.6 ± 0.2 1.2 ± 0.0 
ME6 21 ± 3 1.1 ± 0.0 1.9 ± 0.1 1.2 ± 0.0 
ME7 12 ± 4 1.4 ± 0.0 1.9 ± 0.0 1.3 ± 0.0 
ME8 26 ± 7 1.2 ± 0.1 1.6 ± 0.1 1.2 ± 0.0 
ME9 14 ± 5 1.1 ± 0.0 1.9 ± 0.2 1.3 ± 0.0 
ME10 9 ± 3 1.6 ± 0.1 1.9 ± 0.1 1.2 ± 0.0 
ME11 7 ± 2 1.1 ± 0.0 1.9 ± 0.1 1.3 ± 0.0 
ME13A 25 ± 5 1.1 ± 0.1 1.6 ± 0.0 1.1 ± 0.0 
ME13B 24 ± 6 1.1 ± 0.0 1.6 ± 0.2 1.2 ± 0.1 
ME14A 33 ± 4 1.4 ± 0.1 1.7 ± 0.1 1.1 ± 0.0 
ME14B 17 ± 6 1.1 ± 0.1 1.8 ± 0.1 1.2 ± 0.0 
ME15 7 ± 1 1.1 ± 0.0 2.0 ± 0.1 1.2 ± 0.0 
                                  a
 Diameter of motility halo (mm) 
                                 b
 Ratio between clearing/activity zone diameter and colony diameter 
 
We also noticed that the genome sequences of ME9 and ME15 contained a surprisingly high number of 
genes that are related to (multiple) antibiotic resistance (Table 8-3S and Table 8-4S) and therefore, we 
assessed the sensitivity of all the isolates towards a broad range of antibiotics using a disk diffusion test. 
Isolates ME3A and ME13A showed resistance to cefadroxyl and streptomycin, respectively, as no growth 
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inhibition was observed (Table 4-4). Given the fact that many of the genes in the genomes of ME9 and 
ME15 were linked to multiple antibiotic resistance, we reasoned that there might be a relation between 
the sensitivity to different antibiotics (e.g. the expression of multidrug efflux pumps would confer 
resistance to antibiotics from different classes). In order to test this hypothesis, we calculated 
correlations between the sensitivities of the isolates for the different combinations of antibiotics. For 
many of the combinations, we indeed found a significant (P < 0.01) and strong (Spearman’s rho > 0.6) 
correlation (Table 4-5). 
Table 4-4: Inhibition zones (mm) of the isolates on agar plates with antibiotic disks (average ± standard deviation of 3 
replicates). The results reflect the inhibition zone diameter subtracted by the disc diameter. 
Isolate Inhibition zone (mm) 
 Ampi- 
cillin 
Cefa- 
droxil 
Kana- 
mycin 
Strepto- 
mycin 
Chloram- 
phenicol 
Tetra- 
cycline 
Enro- 
floxacin 
Trimethoprim/ 
Sulpha- 
methoxazole 
Erythro- 
mycin 
Nitro- 
furantoin 
ME2 15 ± 1 7 ± 0 7 ± 1 5 ± 1 20 ± 0 25 ± 1 22 ± 1 17 ± 1 12 ± 1 12 ± 1 
ME3A  9 ± 2 0 ± 0 4 ± 1 5 ± 1 18 ± 1 22 ± 0 14 ± 0 13 ± 1 7 ± 1 10 ± 0 
ME3B 18 ± 2 7 ± 1 5 ± 0 5 ± 1 24 ± 1 24 ± 1 17 ± 1 15 ± 1 12 ± 1 14 ± 1 
ME4A 11 ± 1 3 ± 1 5 ± 1 3 ± 1 17 ± 1 19 ± 1 13 ± 1 12 ± 0 13 ± 1 10 ± 1 
ME4B 18 ± 2 7 ± 1 6 ± 1 4 ± 0 25 ± 1 23 ± 1 19 ± 1 14 ± 1 10 ± 0 14 ± 0 
ME5 21 ± 1 9 ± 1 6 ± 2 4 ± 1 26 ± 1 27 ± 1 21 ± 1 18 ± 1 12 ± 0 16 ± 1 
ME6 13 ± 1 2 ± 1 7 ± 1 7 ± 1 22 ± 1 21 ± 1 18 ± 1 14 ± 0 11 ± 1 11 ± 1 
ME7 10 ± 1 2 ± 0 7 ± 0 5 ± 1 21 ± 1 19 ± 1 13 ± 1 8 ± 1 9 ± 1 9 ± 1 
ME8 25 ± 1 13 ± 1 8 ± 1 5 ± 1 30 ± 1 28 ± 2 20 ± 1 15 ± 1 14 ± 1 14 ± 1 
ME9 18 ± 0 2 ± 0 12 ± 1 11 ± 1 20 ± 1 23 ± 1 15 ± 1 10 ± 0 10 ± 1 12± 1 
ME10 10 ± 0 3 ± 1 7 ± 1 7 ± 1 22 ± 1 22 ± 1 17 ± 1 13 ± 1 11 ± 1 12 ± 1 
ME11 23 ± 1 8 ± 1 2 ± 1 2 ± 1 26 ± 1 28 ± 1 22 ± 1 18 ± 1 15 ± 1 17 ± 1 
ME13A 25 ± 1 7 ± 1 4 ± 2 0 ± 1 26 ± 1 28 ± 1 25 ± 1 21 ± 1 15 ± 1 17 ± 1 
ME13B 24 ± 2 12 ± 1 6 ± 1 2 ± 0 31 ± 1 26 ± 1 23 ± 1 20 ± 1 13 ± 1 15 ± 1 
ME14A 12 ± 1 4 ± 1 8 ± 1 5 ± 1 23 ± 1 22 ± 2 16 ± 1 13 ± 1 14 ± 0 14 ± 0 
ME14B 13 ± 1 9 ± 1 7 ± 0 6 ± 1 25 ± 1 26 ± 2 22 ± 1 18 ± 2 14 ± 1 17 ± 1 
ME15 14 ± 1 13 ± 1 9 ± 1 5 ± 1 29 ± 1 29 ± 1 24 ± 1 20 ± 1 14 ± 1 18 ± 1 
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Table 4-5: Spearman’s rank correlation coefficients between the sensitivities of the 17 isolates to the tested antibiotics. A significant positive correlation indicates that the 
isolates that are most sensitive to Antibiotic 1 tend to be the most sensitive to Antibiotic 2 as well, and vice versa. 
Antibiotic 1 Antibiotic 2 
 Ampicillin  Cefadroxyl  Kanamycin  Streptomycin  Chloramphenicol  Tetracycline  Enrofloxacin  Trimethoprim/ 
sulphametoxazole  
Erythromycin  Nitrofurantoin  
Ampicillin 1 0.896** 0.145 -0.244   0.851**  0.911**  0.844**  0.827**  0.718**  0.817** 
Cefadroxyl  1 0.130 -0.311   0.897**  0.857**  0.817**  0.805**  0.697**  0.785** 
Kanamycin   1  0.741**  0.086  0.057 -0.017 -0.184  0.003 -0.003 
Streptomycin     1 -0.355 -0.331 -0.315 -0.434 -0.389 -0.319 
Chloramphenicol       1  0.831**  0.759**  0.778**  0.637**  0.821** 
Tetracycline       1  0.838**  0.842**  0.724**  0.868** 
Enrofloxacin        1  0.946**  0.665**  0.803** 
Trimethoprim/ 
sulphametoxazole 
        1  0.715**  0.842** 
Erythromycin          1  0.731** 
Nitrofurantoin           1 
**: P < 0.01 
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4.5. Discussion  
Although Mytilus sp. are generally considered to be very robust, we recently reported that stimulation of 
heterotrophic bacteria associated with wild-caught blue mussel adults by adding dissolved organic 
matter resulted in mass mortality within one week(Chapter 3). We hypothesized that the heterotrophic 
bacteria associated with the mussels might be the cause of mass mortality events in dense larvae 
cultures. Indeed, many of the major aquaculture pathogens are known to be r-strategists (i.e. capable of 
quickly increasing their population density under conditions where there is a high level of nutrients 
available per cell (Defoirdt, 2016). In the present study, we isolated 17 strains from induced mortality 
events in blue mussels and used a newly developed highly controlled immersion challenge test with 
mussel larvae to evaluate the virulence of the isolates. Using this challenge test, we demonstrated that 
several of the isolates are pathogenic to mussel larvae. Indeed, all isolates caused significant (P < 0.01) 
mortality from 3 days of challenge onwards, and mortality levels ranged between 17 to as high as 98 % 
after 5 days. As far as we know, this is the first documentation of opportunistic pathogens associated 
with healthy blue mussel adults that are able to cause mass mortality in mussel larvae. Ben Ben Cheikh 
et al. (2016) very recently reported the isolation of putatively pathogenic strains during episodes of mass 
mortality in blue mussel farming in France. However, only three of these strains appeared to be 
pathogenic, which is quite remarkable given the fact that the authors used an injection model of 
infection, thereby bypassing the physical barrier against infection that is present in real life, and needed 
a rather high dose (108 CFU/mussel). It would be interesting to verify the virulence of these strains using 
a more natural route of infection (immersion). In addition to the standardized immersion challenge with 
larvae, we have tried to develop an immersion challenge test with blue mussel adults as well. However, 
thus far, we have not been successful in obtaining reproducible results. Together, this might indicate that 
blue mussel adults are indeed quite robust against opportunistic vibrios because mass mortality cannot 
readily be induced under controlled conditions in the laboratory. Furthermore, biotic or abiotic factors 
that have not yet been identified might be required for the onset of mass mortality events in mussel 
adults. Importantly, all isolates used in the present study were derived from healthy wild-caught blue 
mussels, indicating that wild mussels contain a reservoir of mussel pathogenic bacteria that thus might 
enter hatchery facilities unnoticed. In our previous study (Chapter 3)we hypothesized that pathogens 
can be transferred from the broodstock to their offspring and that this is one of the factors that make 
mussel larviculture problematic, a reasoning that was shared by Kwan and Bolch (2015). The present 
study further substantiates our hypothesis since we demonstrated that bacteria that were originally 
Chapter 4 
93 
 
associated with healthy wild-caught blue mussel adults were indeed able to cause mass mortality in blue 
mussel larvae. These findings also indicate that microbiological management will be absolutely essential 
for a successful blue mussel larviculture. Microbial management could focus both on preventive (e.g. 
imposing slow growth conditions, which are unfavorable for fast-growing opportunistic pathogens (De 
Schryver and Vadstein, 2014; Defoirdt, 2016)) and curative approaches. Curative approaches would 
ideally be compatible with prevention (i.e. they should not harm the non-pathogenic microbiota), and 
could focus on antivirulence therapy – disarming of pathogens rather than (non-selective) killing by 
antimicrobials (Defoirdt, 2014), or the use of probiotics (Prado et al., 2010). 
We identified the isolates based on the sequence of the 16S rRNA gene and found that eight of the 
isolates belonged to the Splendidus clade of vibrios and nine to the genus Photobacterium. The genomes 
of the most virulent isolates from each genus, ME9 and ME15, respectively, were sequenced and this 
revealed that isolate ME9 belongs to the species Vibrio hemicentroti, whereas ME15 was allocated to a 
new species, Photobacterium sanguinicancri (Gomez-Gil et al., 2016). Vibrios belonging to the Splendidus 
clade are well-known pathogens of marine bivalves (Travers et al., 2015), and have been associated with 
mass mortalities in bivalve larvae such as the green shell mussel (Perna canaliculus) (Kesarcodi-Watson 
et al., 2009), the scallop Argopecten purpuratus (Rojas et al., 2015) and the Japanese oyster (Crassostrea 
gigas) (Sugumar et al., 1998). Kwan and Bolch (2015) also indicated the association of bacterial 
communities dominated by the Splendidus clade with mass mortality events in a Mediterranean mussel 
(Mytilus galloprovincialis) hatchery. Finally, the strains that were recently isolated from mass mortality 
events in blue mussel farming in France (2010-2014) also belong to the Splendidus clade of vibrios (Ben 
Cheikh et al., 2016).  
Approximately half of the strains we isolated in this study belong to the genus Photobacterium. 
Photobacterium sp. have been commonly isolated from different marine environments (Urbanczyk et al., 
2011) and from marine organisms, including bivalves, e.g. Photobacterium swingsii from the Pacific 
oyster (Crassostrea gigas) (Gomez-Gil et al., 2011) and Photobacterium galatheae from Mytilus sp. 
(Machado et al., 2015). Photobacterium sanguinicancri (ME15) was recently isolated from the 
hemolymph of the spider crab Maja brachydactyla in Spain (Gomez-Gil et al., 2016). Although most 
Photobacterium sp. have no described pathogenic activity, some species, e.g. Photobacterium damselae, 
are known pathogens of aquatic animals, mainly fish (Rivas et al., 2013; Romalde et al., 2014) but also 
mollusk larvae, e.g. larvae of the giant clam (Tridacna gigas) (Sutton and Garrick, 1993). However, this is 
the first report of Photobacterium sp. being pathogenic towards mussels. 
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The virulence of vibrios towards mollusks has been associated with the secretion of extracellular 
products such as proteases and hemolysins (Labreuche et al., 2010; Labreuche et al., 2006). We indeed 
found that all isolates tested positive for these phenotypes and could identify several genes that are 
involved in these processes in the genome sequences of isolates ME9 and ME15. However, no 
correlation was found between these activities and the virulence of the isolates towards mussel larvae. 
This might be attributed to several factors. A first possibility is that these phenotypes are not essential 
for inducing mortality in mussel larvae, or that relatively low levels are sufficient for full virulence and 
that higher levels do not further increase virulence. Secondly, in vitro virulence factor production does 
not necessarily correlate with in vivo production during association with a host, as this will also be 
affected by sensing of the host environment. Indeed, Ruwandeepika et al. (2011) also reported that 
there was no correlation between in vivo expression levels of virulence-related genes in vibrios belonging 
to the Harveyi clade and their virulence towards brine shrimp. However, in vivo expression levels of 
these genes during association with brine shrimp were higher in pathogenic isolates than in a non-
pathogenic isolate. Furthermore, expression levels of type III secretion system genes in Vibrio harveyi, 
for example, have been reported to be more than 1000 fold higher in host-associated cells than in in 
vitro grown cells (Ruwandeepika et al., 2015). In this regard, it would be interesting to develop a 
methodology enabling us to measure virulence gene expression of bacteria in association with mussel 
larvae. However, given the minute size of blue mussel larvae, this will be a highly challenging exercise. 
We found a remarkably high number of genes that are linked to antibiotic resistance in the genome 
sequences of isolates ME9 and ME15, and many of them were linked to multidrug resistance. Based on 
this observation, we aimed at testing whether there is a correlation between sensitivity to a range of 
antibiotics in the different isolates because this would indicate that the expression level of multidrug 
resistance genes determines the antibiotic sensitivity of these bacteria. Indeed, isolates that show a high 
expression level of multidrug resistance genes would show relatively low sensitivity to a wide range of 
antibiotics, and vice versa. In case specific genes would be involved (e.g. an antibiotic-degrading 
enzyme), one would not expect to find correlations between the sensitivities to different compounds. 
We found significant and strong positive correlations between sensitivity to many of the tested 
antibiotics, which might suggest that multidrug resistance genes are indeed a major factor determining 
the antibiotic sensitivity of these bacteria. Further research is needed in order to determine which of the 
genes are indeed involved in antibiotic resistance and to what extent they confer resistance to different 
antibiotics. Another intriguing question that deserves further investigation is what has been the driving 
force for the presence of this high number of multidrug resistance genes in vibrios that are associated 
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with bottom culture mussels in the Netherlands; i.e. have bacteria been regularly exposed to antibiotics 
in this environment, or is it another feature of these genes that has driven the presence of these high 
numbers in the genomes of these bacteria? Indeed, multidrug resistance genes (such as multidrug efflux 
pumps) have been linked to resistance to natural substances produced by host organisms (such as bile, 
hormones and host defense molecules) (Piddock, 2006). Hence, multidrug resistance genes might be an 
evolutionary adaptation to the association with mussels, which are known to produce a large variety of 
antimicrobial compounds (Mitta et al., 2000). 
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4.6. Conclusion 
In conclusion, in this study, we demonstrated that Vibrionaceae isolated from wild-caught adult blue 
mussels are capable of inducing mass mortality in mussel larvae. Approximately half of the isolates were 
found to belong to the Splendidus clade of vibrios, a group that is well-known to contain mollusk 
pathogens, and the other isolates belonged to the genus Photobacterium. The isolates caused between 
17 and 98 % mortality in blue mussel larvae after 5 days of immersion challenge. These data provide an 
ecological insight into the possible origin of mass mortality events, which at this moment hit mussel 
(larvi)culture. Our data indicate that wild mussels contain a reservoir of pathogenic bacteria that can 
enter hatchery facilities unnoticed through healthy wild-caught broodstock, and might then be 
transferred from the broodstock to their offspring (e.g. via the rearing water). These findings confirm 
that microbiological management will be an absolute requirement for a successful blue mussel 
larviculture. Effective microbial management of the hatchery unit could lead to a more sustainable and 
optimized production of mussel seed. The highly controlled immersion challenge test system developed 
in this study will be of high value for further studies on host-pathogen interactions in mussels, facilitating 
a better understanding of the factors causing (larval) mass mortality and enabling the development of 
novel tools for disease control in mollusk (larvi)culture. 
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Chapter 5: Hemolymph extraction under the lens: 
visualization of the cardiovascular system and 
related structures of the blue mussel (Mytilus 
edulis) 
5.1. Abstract 
Bivalve hemolymph is used in a broad range of research domains such as eco(toxico)logy and 
immunology. However, the lack of detailed descriptions of the hemolymph withdrawal protocols and 
locations (adductor muscles and heart) raises questions regarding the exact origin of the aspirated 
hemolymph and doesn’t exclude the possibility of contamination with other body fluids which may have 
led to biased conclusions. A good description of the species-specific anatomy is lacking for many bivalves 
but is essential for a correct hemolymph withdrawal. In this study we visualized and discussed the 
cardiovascular anatomy of the blue mussel (Mytilus edulis) and generated three-dimensional (3D) 
reconstructions based on micro-CT and histological slides. Other organs pertaining to the gastro-
intestinal system, the muscular system and body cavities were included as well because of their close 
relationship to the cardiovascular system. The different hemolymph extraction sites were clearly 
visualized in 3D. Hemolymph withdrawn from the posterior adductor muscle originates from small 
spaces and fissures between the muscle fibers that are connected to at least one hemolymph supplying 
artery, more specifically the left posterior gastro-intestinal artery. Hemolymph withdrawal from the 
heart is less straightforward. It is possible to puncture the pericard, anterior aorta and ventricle to 
collect a limited volume of hemolymph. However, caution should be taken for contamination from the 
pallial cavity. Drainage of the pallial fluid prior to hemolymph extraction is therefore essential. 
This study resulted simultaneously in a detailed description and visualization of the anatomy of Mytilus 
edulis useful to many research areas. Furthermore the described protocols and techniques to visualize 
the anatomy in 3D can easily be reproduced and adapted to other bivalve species. 
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5.2. Introduction  
Bivalve hemolymph is extensively used in a range of research domains such as ecotoxicology (Amachree 
et al., 2013), ecophysiology (Browne et al., 2008) and (immune)toxicology (Ivanina et al., 2016). Mytilus 
edulis hemolymph is also widely used in bio-accumulation and environmental studies concerning heavy 
metals such as Cu, Hg and Cd (Han et al., 2014; Pipe et al., 1999; Sheir et al., 2010; Sheir et al., 2013). 
Mussels are sessile filter-feeders: they continuously filter the surrounding water, making them excellent 
model organisms for eco-toxicological and eco-physiological studies. For example, studies on the uptake, 
fate and biological consequences of ingested microplastics (Browne et al., 2008; Van Cauwenberghe and 
Janssen, 2014), toxicity assays with heavy metals (Amachree et al., 2013) and immuno(toxico)logic 
research (Ivanina et al., 2016) all depend on the collection of hemolymph. Depending on the nature of 
the research, hemolymph extraction techniques vary from invasive (lethal) to non-invasive procedures 
and from single to multiple withdrawals. The main hemolymph collection site in bivalves is the adductor 
muscle (anterior or posterior, depending on the species) and less frequently the ventricle of the heart 
(Table 5-1). The pericardium and the extrapallial cavity are other puncture sites reported for harvesting 
body fluids (Calvo-Iglesias et al., 2016; Fyhn and Costlow, 1975; Zittier et al., 2015).  
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Table 5-1: Overview of different circulatory fluid collection sites, extraction methods, extracted volumes and the needle 
gauges (G). Abbreviations: I, invasive technique which is often lethal; NI, non-invasive technique (if performed correctly) not 
lethal and multiple sampling in time possible. 
Puncture 
site 
Procedure Species Reference 
Posterior 
adductor 
muscle 
NI: Hole in shell; 26G needle; multiple sampling; 
0.5-1ml 
Rangia cuneata  (Fyhn and Costlow, 1975) 
NI: Notch in shell; 23G needle; multiple sampling; 
200-5500µl 
Crassostrea virginica (Ford, 1986) 
NI: Puncture hinge joint; 22G needle; 50-200µl  Mytilus trossulus (Yanick and Heath, 2000) 
NI: Notch in shell with plier; 21G needle Saccostrea glomerata (Moreira et al., 2013) 
NI: Hole in shell with dremel; 21G needle Saccostrea glomerata (Moreira et al., 2013) 
NI: Notch in shell; 21G needle 
  
Mytilus edulis (Al-Subiai et al., 2009) 
NI: Prise shells apart with knife; 21G needle Mytilus edulis (Al-Subiai et al., 2009) 
Anterior 
adductor 
muscle 
NI: Prise shells apart; 25G needle; multiple 
sampling; 300-1500µl 
Elliptio complanata (Gustafson et al., 2005) 
Ventricle I: Removal of shell; glass capillary; 30-200µl  Rangia cuneata (Fyhn and Costlow, 1975) 
I: Removal of shell ;dissecting microscope; 25G 
needle 
Elliptio complanata (Gustafson et al., 2005) 
Pericard NI: Puncture hinge joint; 26G needle; 500-1000µl Rangia cuneata (Fyhn and Costlow, 1975) 
NI: Hole in right shell; 16G needle Crassostrea virginica (Friedl et al., 1988) 
Extra 
pallial 
space 
NI: Needle  
 
Mytilus 
galloprovincialis 
(Calvo-Iglesias et al., 2016) 
 
 
NI: Through mantle tissue; no adequate volume 
 
Elliptio complanata (Gustafson et al., 2005) 
 
NI: Between shell and mantle; 8 cm needle  
 
 
Mytilus edulis (Zittier et al., 2015) 
 
NI: Between shell and mantle; needle 
 
Mytilus edulis (Thomsen et al., 2010) 
 
NI: Hole in shell with round dental burr; cemented 
glass capillary 
Mytilus edulis 
Mercenaria 
mercenaria 
Crassostrea virginica 
(Crenshaw, 1972) 
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In bivalves the term hemolymph refers to the colorless blood, constituted of hemocytes (blood cells) 
and plasma (cell free hemolymph). The blood volume of bivalves is large. According to Martin et al. 
(1958) the blood volume of Mytilus californianus is 50.8 % of the wet body weight excluding the shell, 
ranging from 21.0-60.6 mL for mussels between 38.8 and 122.4 g, respectively. In contrast to 
vertebrates, bivalves have an open cardiovascular system that is not rigidly enclosed (Friedl et al., 1988). 
This makes it difficult to distinguish between hemolymph and other (body) fluids. Hemocytes are able to 
actively migrate throughout the bivalve’s body. Thus, individual cells will be encountered at different 
places and at different times. Also the number of hemocytes in the hemolymph varies across taxa, 
among individuals of the same species and even within a single individual depending on its physiological 
state (Cummings and Graf, 2009). Gustafson et al. (2005) noted that cell counts and calcium levels 
differed significantly between hemolymph collected from the ventricle of the heart and from the 
adductor muscle. They attributed this to the sequence in sampling (first the adductor muscle), but 
further information to confirm this hypothesis was not provided in this study (Gustafson et al., 2005). 
Picken (1937) mentioned another difference between pericardial and ventricular fluid composition. 
Contraction of the atria fills the ventricle with hemolymph but also forces some fluid through the walls 
of the atria into the pericardial cavity. The podocytes that surround the outer surface of the atria form 
the pericardial gland, which ultra filtrates the hemolymph (Cummings and Graf, 2009). Pericardial 
content is therefore also called ultra-filtrate and its composition is somewhat different from that of 
ventricular hemolymph. The pericardial fluid is generally isotonic with the blood but contains less non-
mineral substances (assumed proteins) (Picken, 1937). Hence, when using hemolymph, it is important to 
accurately know the anatomical origin of the hemolymph sample. However, when puncturing the heart, 
it is difficult to distinguish whether the obtained fluid originated from the pericardial cavity or from the 
ventricle (Gustafson et al., 2005). Furthermore, when sampling hemolymph from the most commonly 
used extraction site - the adductor muscle - it is not clear where exactly the obtained fluid originates 
from. Based on histologic research in the giant clam Tridacna gigas, Norton and Jones (1992) referred to 
hemolymph sinuses situated in between the microscopic muscle fibers, whereas other authors 
suggested the existence of a large adductor sinus (Purdie, 1887). But only few authors describe an actual 
vessel providing/draining hemolymph towards/from the adductor muscle (Bayne, 1976; Purdie, 1887). 
Despite the extent by which hemolymph is used in all kinds of assays, few histological (Norton and 
Jones, 1992) or anatomical reconstructive images are available in literature to visualize and reconstruct 
the internal anatomy and cardiovascular system of bivalves. Such images would be very helpful in order 
to support further research. 
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This study demonstrates the use of high resolution X-ray computed tomography (micro-CT, µCT) and 
histology combined with 3D-reconstruction using AMIRA-software to visualize, help locating and 
understand the anatomy and physiology of bivalves. The blue mussel Mytilus edulis, an intense studied 
bivalve and sentinel species in biomonitoring programs in many areas of the world, was chosen as 
model organism (Tanguy et al., 2013; Tuffnail et al., 2009).  
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5.3. Materials and methods 
5.3.1 Mussels 
Blue mussels (Mytilus edulis) were collected from Yerzeke (The Netherlands) and from Ostend 
(Belgium).  
 
5.3.2 Hemolymph withdrawal  
5.3.2.1 Anesthesia 
All mussels used for hemolymph withdrawal were anesthetized with MgCl2 (28 g L
-1, maintaining a 
salinity of 35 g L-1), until the valves did not close upon contact, after approximately 30 minutes.  
5.3.2.2 Adductor muscle 
Hemolymph extraction from the posterior and anterior adductor muscle of 10 mussels was performed 
using a 23 G needle, with a 1 mL syringe. To puncture the posterior adductor muscle, the mussel was 
held facing up its posterior side in dorsal view, with the mussel’s anterior side resting on a bed of paper 
in the hand palm, and vice versa for the anterior adductor muscle. This way, as the valves were open, 
pallial fluid (seawater) could drain from the mussel and could be absorbed by the paper. This ensured a 
good visualization on each of the muscles and limited the chance of contamination with pallial fluid. The 
posterior adductor muscle was punctured through the exhalent syphon, in the center of the muscular 
bundle as can be observed in Figure 5-1. 
 
Figure 5-1: Hemolymph withdrawal from the posterior adductor muscle in the blue mussel (Mytilus edulis). Abbreviations: D, 
Dorsal; V, Ventral. 
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5.3.2.3 Heart  
Drilling a hole 
With a 2 mm cordless drill (Powxq5243 Powerplus XQ) a hole was drilled unilaterally in the shell of five 
mussels, dorsal to the location of the heart, followed by insertion of a 23 G butterfly catheter in the 
heart.  
Removal of one shell 
The posterior adductor muscle of 10 other mussels was cut at its attachment to the shell. The mantle 
was carefully removed from the right shell, followed by the removal of this shell. The dorsal midline, 
where the beating heart is located, was visualized using a stereomicroscope (Olympus SZX7 with an 
Olympus Soft Imaging System color View I Camera). Different sizes of needles, ranging from 21 to 26 G, 
were tested, including a butterfly catheter of 23 G attached to a 1 mL syringe (Figure 5-2). The 21 G 
needle was too thick as it destroyed the fragile heart tissue upon insertion. Using a 26 G needle, the 
heart could be punctured without causing the animals to bleed to death.  
 
 
Figure 5-2: Hemolymph withdrawal from the heart in the blue mussel (Mytilus edulis). 
 
5.3.3 3D-visualization based on histological section images  
Ten mussels were euthanized by immersion for 3 h in seawater supplemented with 0.2 % (v/v) 
benzocaine (10 % (m/v) ethylaminobenzoate in acetone (Sigma-Aldrich)). Two fixation methods were 
applied. The mussels were placed either in a phosphate-buffered 4 % formaldehyde solution at room 
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temperature for 48 h and transferred to pure water for 8 h, or in Bouin’s overnight and transferred to 70 
% ethanol for 48 h. Bouin’s solution was prepared with 150 mL saturated aqueous picric acid (30 g L-
1)’Sigma), 50 mL formaldehyde 35 % and 10 mL acetic acid (glacial), the latter was added immediately  
before use. After fixation, the mussels were carefully removed from their protective shells and 
subsequently placed in an automated system (Shandon Citadel 1000 histokinette, 20 h cycle duration) in 
which they were dehydrated in a series of alcohols (70 % ethanol, 80 % ethanol, 94 % ethanol, and 
isopropyl alcohol), cleared in xylene and impregnated with paraffin under vacuum. Finally, the mussels 
were embedded in paraffin wax (Microm EC 350-1 embedding station) to allow transverse serial 
sections (10 µm) using a microtome (Microm microtome HM 360, Prosan). Sections were stained with 
hematoxylin and eosin (H&E) and further processed according to standard laboratory protocols.  
 All sections of the mussels selected for reconstruction were evaluated using a light microscope 
(Olympus BX61). Record was kept of all slices that were not suitable for 3D-reconstruction due to 
technical artefacts such as folds and cracks. All sections were digitalized (Olympus DP50). As the tissue 
samples were large, several pictures had to be taken in order to cover each section in its entirety. By 
means of the multiple image alignment module (MIA) of analysis software (Cell F, Olympus Soft Imaging 
Solutions), these individual images were automatically merged into one single picture. A white scale of 
invariable dimension was added to every digital image to ensure a constant width and height of every 
picture as required by the reconstructive software. This resulted in 502 pictures with a pixel size of 10.05 
x 10.05.  
Amira™ (FEI), an image segmentation and 3D surface generating software package, was used for 
segmentation of the obtained reconstructed pictures. Manual segmentation was done according to 
Cornillie et al. (2008).  
 
5.3.4 Micro-CT  
5.3.4.1 Preparation methods  
Bouin fixation and critical-point drying 
Ten mussels were euthanized and fixated overnight in Bouin’s solution as described before. The shells 
were carefully removed and subsequently the mussels were dehydrated as described by De Spiegelaere 
et al. (2008) in an increasing alcohol series followed by increasing ethanol–acetone series up to 100 % 
acetone. The samples were then dried to the critical point with a Balzers CPD 030 critical point drier 
(Sercolab bvba, Merksem, Belgium) for further scanning with µCT. 
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Phosphomolybdic acid (PMA) staining as X-ray contrast enhancer 
Ten mussels were placed in a sea water bath for 30 minutes to allow filtration of the water. At the 
posterior end, a blunt object (3 mm diameter) was placed between the valves to prevent the shells from 
closing. Ten other mussels were anesthetized with MgCl2 as described earlier. Subsequently, all mussels 
were stained and fixated as described Descamps et al. (2014) with some changes. In short, all mussels 
were placed in phosphomolybdic acid (PMA) (2.5 % solution in demineralized water) for 6 h, allowing 
PMA to penetrate the mussel tissues, followed by fixation in 4 % paraformaldehyde until scanning took 
place (6 days).  
Intravascular injection  
In order to reveal the heart and hemolymph vessels, an attempt was made to inject a contrast agent 
(e.g. barium sulphate particles) in the cardiovascular system according to Plouraboue et al. (2004). A 
maximal volume of hemolymph was withdrawn prior to injection to prevent cardiovascular overfill. First 
milk and Indian ink were used to evaluate the most optimal injection site. Injection in the adductor 
muscles as described earlier (5.3.2.2) resulted in leakage into the surrounding tissue. To inject the heart 
as described earlier (5.3.2.3), careful removal of the shell was preferred over the drilling of a hole in the 
shell as the latter procedure easily resulted in tissue damage. A 23G butterfly catheter could successfully 
be inserted peri- or intracardially for extraction and injection (Figure 5-2) of a small volume, <0.2 mL and 
<0.7 mL respectively of both Indian ink and milk. Injection of a higher volume was not possible since the 
heart stopped beating and the cardiac tissue ruptured. Given the large blood volume of bivalves, 21-60.6 
mL in respectively 38.8-122.4 g tissue wet weight (Mytilus californianus) (Martin et al., 1958), this small 
injectable volume would not suffice to visualize the main cardiovascular system with a contrast agent 
(e.g. barium sulphate particles). This technique was hence abandoned.  
5.3.4.2 Scan 
All the specimens were subsequently scanned at the µCT-scanning facilities of UGCT (Ghent University, 
Belgium). The custom-built X-ray µCT-scanner of medium energy (up to 160kV) achieved feature 
recognition of 2 μm on small samples, as specified by the X-ray tube manufacturer (Masschaele et al., 
2013). The tube was operated at 70 kV at 25 W, using a one millimeter aluminum filtration to optimize 
the signal-to-noise ratio for this sample size and composition. 1800 shadow images (2000 x 2000 pixels) 
were recorded covering 360° within about 30 minutes measurement time. The back-projection 
calculations to obtain the reconstructed images were made with the Octopus custom-made software 
package. The voxel pitch of the isotopically sampled 3D-dataset was about 25 µm.  
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5.4. Results 
5.4.1 Anatomic orientation 
 
Figure 5-3: An overview of the most important terminology needed for orientation of the blue mussel (Mytilus edulis). (a) The 
outside shell. (b) The inside (left) shell. (c) Without shells. Abbreviations: D, Dorsal; V, Ventral; A, Anterior; P, Posterior. 
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Figure 5-3 and Figure 5-4 illustrate the general anatomy of Mytilus edulis explaining some of the most 
important terminology needed for orientation of the mussel throughout the rest of this manuscript. 
 
Figure 5-4: General anatomy of the blue mussel (Mytilus edulis). (a) Ventral view after cutting the adductor muscles and forcing 
the valves to open, hereby rupturing the connecting mantle parts. (b) Oblique dorsal view on a sedated (MgCl2) specimen. 
Abbreviations: L, Left; R, Right; P, Posterior; A, Anterior. 
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5.4.2 Hemolymph withdrawal 
5.4.2.1 Anesthesia 
Anesthesia with MgCl2 resulted in an opening of the shells for 0.5 cm, providing an easy access to the 
mussel’s adductor muscles. 
5.4.2.2 Adductor muscle 
Hemolymph could easily be extracted from the posterior adductor muscle (0.5-1.5 mL) (Figure 5-1) and 
more difficultly from the less developed anterior adductor muscle (0.2 mL). 
5.4.2.3 Heart 
To reach the heart, a careful removal of the shell was preferred over the drilling of a hole in the shell as 
this latter procedure easily resulted in tissue damage. A 23 G butterfly catheter could successfully be 
inserted peri-or intracardially (Figure 5-2 and Figure 5-1) for extraction (<0.2 mL) of a small volume.  
 
5.4.3 3D-visualization based on histological section images 
Fixation of mussels in a phosphate buffered 4 % formaldehyde solution resulted in fragile tissue that 
easily fell apart during microtome sectioning. Light microscopic investigation of the H&E stained 
histological slides showed alteration of the internal morphology such as collapse of the intraluminal 
spaces. Best results were obtained with Bouin-fixative, as can be observed in 
Figure 5-5 and hence used as fixation fluid for further histologic interpretation of the mussel anatomy. 
3D-reconstruction of histological serial sections visualizes the cardiovascular system (heart and related 
blood vessels), gastro-intestinal (GI) tract, gills as well as the pericardio-renal canals and the adductor 
and retractor muscles in relation to the foot. This technique, although time-consuming, made it possible 
to evaluate the respective organ architecture and their relative position and relation to one another. In 
Figure 5-6 the build-up from histology to 3D-visualization of the key organs for this research is shown.  
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Figure 5-5: Transverse histological section of a Bouin fixated, H&E stained mussel (Mytilus edulis) at the level of the heart . 
Abbreviations: I, first gastro-intestinal segment; II, second gastro-intestinal segment; GI, Gastro-intestinal; D, Dorsal; L, Left; R, 
Right. 
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Figure 5-6: 3D-visualization based on histological section images of a Bouin fixated, H&E stained blue mussel (Mytilus edulis), 
showing the anterior side of the mussel in left oblique view . Abbreviations: GI, Gastro- intestinal; A, Anterior; D, Dorsal; V, 
Ventral; L, Left; R, Right. 
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5.4.4 Micro-CT 
As for the results of the µCT visualization, the best contrast of the soft tissues was obtained by critical 
point drying, it was difficult to differentiate the heart with PMA staining and injection of a contrast 
agent was not possible. 
5.4.4.1 Critical point drying 
Critical point drying after Bouin fixation resulted in overall excellent contrast between different tissues 
and organs (Figure 5-7, Figure 5-10 and Figure 5-9). The ventricle and pericard were clearly 
distinguishable. These latter structures are pierced by the rectum. The location of the digestive gland 
along the longitudinal axis could be inspected extending from the mouth to the posterior adductor 
muscle and could be differentiated well from the gastro-intestinal (GI) tract. Moreover, the mantle, 
musculature and foot could be discriminated easily. 
 
Figure 5-7: Longitudinal micro-CT section in 2D at the level of the heart of a critical point dried blue mussel (Mytilus edulis) after 
Bouin fixation . Abbreviations: GI, Gastro-intestinal; P, Posterior; A, Anterior; D, Dorsal; V, Ventral. 
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Figure 5-8: Transverse micro-CT section in 3D at the level of the heart of a critical point dried blue mussel (Mytilus edulis) after 
Bouin fixation . Abbreviations: GI, Gastro-intestinal; D, Dorsal; V, Ventral; L, Left; R, Right. 
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Figure 5-9: Longitudinal micro-CT section in 3D at the level of the heart of a critical point dried blue mussel (Mytilus edulis) after 
Bouin fixation . Abbreviations: GI, Gastro-intestinal; D,Dorsal; V, Ventral; P, Posterior; A, Anterior. 
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5.4.4.2 PMA  
Mussels that filtered PMA with their shells forced open were better stained with PMA than the 
anesthetized mussels. The latter method was therefore abandoned. The obtained contrast of the soft 
tissues was acceptable; however, the cardiovascular system was hardly identifiable (Figure 5-10). The 
posterior adductor had a denser structure and smaller interspace between the muscle fibers, when 
stained with PMA in comparison to the critical point dried mussel in Figure 5-5. 
 
Figure 5-10: Mediosagittal micro-CT section in 3D at the level of the heart of a PMA stained mussel (Mytilus edulis). 
Abbreviations: GI, Gastro-intestinal; P, Posterior; A, Anterior; D: Dorsal; V, Ventral. 
5.4.4.3 Injection  
It was not possible to inject a sufficient volume- needed for vascular network imaging- into the 
cardiovascular system of the mussel. Therefore this method was abandoned. 
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5.4.5 Description of the anatomy of Mytilus edulis based on micro-CT imaging, 
histology and 3D-visualization 
5.4.5.1 Shell, mantle and pallial cavity 
The blue mussel is characterized by two elongated and triangular shaped shell valves that are equal in 
size and have a bluish to black color. The shell valves are hinged together by means of a dorsal ligament 
(hinge) (Figure 5-3b). The shell serves as skeleton attachment for the muscles (Figure 5-3b). The part of 
the interior shell along which the mantle edges are attached is called the pallial line. The mantle 
surrounds the pallial (mantle) cavity and is constituted of connective and gonadal tissue, the latter can 
be observed in Figure 5-8. The pallial cavity is filled with seawater (pallial fluid). The pallial cavity is 
constituted of the infrabranchial (inhalant) and suprabranchial (exhalent) chamber, situated respectively 
ventrally and dorsally of the gill filaments and a dorsal recess, which is located dorsoposterior to the 
heart (Figure 5-11). This dorsal recess is not distinguishable from the exterior of a live mussel since it is 
hidden underneath the hinge and dorsal mantle lining (Figure 5-4b). The pallial cavity was only partially 
visualized in the 3D-visualization of Figure 5-11 (the anterior part was not reconstructed). However, it 
clearly shows the location and shape of the dorsal recess and position of the exhalent syphon in respect 
to the heart and posterior adductor muscle respectively. 
 
Figure 5-11: 3D-visualization of the pallial cavity (dorsoposterior part), based on histological section images of a Bouin fixated, 
H&E stained blue mussel (Mytilus edulis). Abbreviations: GI, Gastro-intestinal; A, Anterior; P, Posterior; D, Dorsal; V, Ventral.  
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5.4.5.2. The posterior adductor muscle 
Mytilus edulis has a rudimentary anterior adductor muscle and a well-developed posterior adductor 
muscle (Figure 5-9). The adductor muscles fibers run parallel from left to right.  
As can be observed in Figure 5-12 a and Figure 5-12 b, the rectum ends in the anus dorsal to the 
posterior adductor muscle. In between the anus and the posterior adductor muscle the first gastro-
intestinal loop can be observed. On the mediosagittal section (Figure 5-12 c) of a PMA stained posterior 
adductor muscle, a clear fissure can be observed in all scanned mussels together with small spaces 
between the muscle fibers and some larger gaps. The fissure seems to be connected to a small cavity 
(Figure 5-12 c) at the dorsal outer border of the muscle. 
 
Figure 5-12: The posterior adductor muscle . (a) Transverse histological section of a Bouin fixated, H&E stained blue mussel 
(Mytilus edulis) at the level of the posterior adductor muscle. (b) Transverse micro-CT section in 3D at the level of the posterior 
adductor muscle of a critical point dried blue mussel after Bouin fixation. (c) Mediosagittal micro-CT section of the posterior 
adductor muscle of a PMA stained blue mussel. Abbreviations: GI, Gastro-intestinal; D, Dorsal; L, Left; R, Right; P, Posterior. 
The spaces between the critical point dried muscle fibers are much larger in comparison to the PMA 
stained posterior adductor muscle (Figure 5-13). 
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Figure 5-13: Mediosagittal micro-CT section of the posterior adductor muscle . (a) A critical point dried blue mussel (Mytilus 
edulis) after Bouin fixation. (b) A PMA stained blue mussel. Abbreviations: D, Dorsal; V, Ventral; P, Posterior; A, Anterior. 
5.4.5.3. The gastro-intestinal (GI) tract  
The mouth opening is bilaterally flanked by a pair of labial palps; the inner and outer labial palps (Figure 
5-14 a). From the mouth the gastro-intestinal tract continues in the esophagus, a straight tube leading 
towards the stomach (Figure 5-14 a, b). 
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Figure 5-14: The gastro-intestinal (GI) tract and ventricle in 3D of a blue mussel (Mytilus edulis) based on histological sections of 
a Bouin fixated, H&E stained blue mussel. (a) Left lateral view, with labial palps. Dotted lines indicate the main stomach. (b) 
Right lateral view. Dotted lines indicate the ducts towards the digestive glad (the latter is not shown). Abbreviations: D, Dorsal; 
V, Ventral; A, Anterior; P, Posterior. 
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The main stomach is cylindrical, to its anterior side it is connected to the esophagus, at its posterior side 
to the first gastro-intestinal segment and at its left anterior side to a large L-shaped blind ending 
protuberance which we will further nominate as diverticulum stomach (Figure 5-14 a). The main 
stomach is also connected with several ducts (ducti digestive gland) (Figure 5-14 b) to the digestive 
gland (hepatopancreas; not shown in Figure 5-14 a, b). The digestive gland is visible as purple glandular 
tissue surrounding the gastro-intestinal tract in Figure 5-15. Its size occupies a great part of the dorsal 
body half.  
From the main stomach, the intestinal tract continues posteriorly by a first GI-segment (gastro-intestinal 
segment I) that has a blind caecum situated near the posterior adductor muscle close to the anus. At the 
onset of this caecum, the first gastro-intestinal segment continues to the right by making a 180° turn 
creating a first intestinal loop. From this loop, the gastro-intestinal tract continues anteriorly as the 
second gastro-intestinal segment (gastro-intestinal segment II) and runs parallel to the gastro-intestinal 
segment I (Figure 5-14 a, b). 
Posteriorly to the stomach, gastro-intestinal segment II crosses gastro-intestinal segment I dorsally and 
takes a turn to the left side of the body. It runs parallel to the left side of the main stomach until it turns 
ventrally, near the cranial part of the stomach to form the second intestinal loop.  
It continues posteriorly at the left side of the diverticulum stomach as the third gastro-intestinal 
segment (gastro-intestinal segment III), then turns dorsally towards the ventricle of the heart. Once 
gastro-intestinal segment III penetrates the pericardial cavity and the ventricle of the heart (Figure 5-14 
a, b), it is nominated as the rectum. The latter continues posteriorly parallel and dorsal to the gastro-
intestinal segment I and II and finally ends in the anus near the posterior adductor muscle (Figure 5-7 
and Figure 5-12 a, b).  
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Figure 5-15: Transverse histological section of a Bouin fixated, H&E stained mussel (Mytilus edulis) at the level of the stomach . 
Abbreviations: GI segment II, second gastro-intestinal segment; GI segment III, third gastro-intestinal segment; GI, Gastro-
intestinal; D, Dorsal; L, Left; R, Right. 
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5.4.5.4. The cardiovascular system  
Location of the heart 
 
Figure 5-16: Location of the heart (orange) of the blue mussel (Mytilus edulis) in a micro-CT image of a critical point dried 
mussel after Bouin fixation. (a) Right lateral view (b) Dorsal view. Abbreviations: L, Left; R, Right; P, Posterior; A, Anterior; D, 
Dorsal; V, Ventral. 
Figure 5-16 a and Figure 5-16 b show the location of the heart (orange) in a µCT image. The heart is 
positioned in the middorsal line anterior to the posterior adductor muscle (Figure 5-16 b). 
Heart structures 
 
Figure 5-17: 3D-visualization of heart structures, based on histological section images of a Bouin fixated, H&E stained blue 
mussel (Mytilus edulis). (a) and (b) Dorsal view. (c) Ventral view. Abbreviations: L, Left; R, Right; P, Posterior; A, Anterior. 
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The mussel heart consists of a single ventricle and two atria and is encased by the pericardium (Figure 
5-17 a-c). The ventricle has a single outlet to the anterior aorta and two inlets from the atria which 
contain the left and right atrioventricular valves, respectively (Figure 5-18 a, b). The atria surround the 
ventricle bilaterally and ventrally, as depicted in the dorsal and ventral views in Figure 5-17 a-c. Ventro-
lateral of the heart, the left and right atria are connected to the left and right oblique vein, respectively 
(Figure 5-17 c).  
 
Figure 5-18: Transverse histological section of a Bouin fixated, H&E stained mussel (Mytilus edulis) at the level of the atrio-
ventricular valves of the heart. Abbreviations: I, first gastro-intestinal segment; II, second gastro-intestinal segment; GI, Gastro-
intestinal; L, Left; R, Right. 
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The atrial wall presents multiple folds (Figure 5-18). The pericardial cavity is bilaterally connected to the 
pericardio-renal canals as can be seen (Figure 5-17b and Figure 5-18). The pericardio-renal canals run 
parallel to the oblique veins (Figure 5-17 and Figure 5-18).  
Major arteries 
 
Figure 5-19: 3D-visualization of the main arteries, based on histological section images of a Bouin fixated, H&E stained blue 
mussel (Mytilus edulis). (a) Left lateral view. (b) Left lateral view showing an enlargement of the ventricle outlet with the 
posterior aorta. Abbreviations: GI, Gastro-intestinal; D, Dorsal; A, Anterior; P, Posterior. 
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The anterior part of the ventricle gives rise to the anterior and posterior aorta (Figure 5-19 a). A cuspidal 
septum can be observed at the level of the anterior ventricle outlet (Figure 5-19 b). The posterior aorta 
leaves the ventricle at the same level as the anterior aorta and subsequently turns 180° to continue 
posteriorly adjacent and ventral to the ventricle (Figure 5-19 a, b). A small vessel branches from the 
right lateral side of this posterior aorta and extends towards the right mantle lobe (Figure 5-19 a and 
Figure 5-21 a). The posterior aorta continues further as the coeliac trunk and turns ventrally to give rise 
to the left and right anterior and to the left and right posterior gastro-intestinal arteries (Figure 5-19 a, 
Figure 5-20 and Figure 5-21 a-c).  
 
Figure 5-20: Transverse histological section of a Bouin fixated, H&E stained mussel (Mytilus edulis) at the level of the cuspidal 
septum of the heart. Abbreviations: I, first gastro-intestinal segment; II, second gastro-intestinal segment; III, third gastro-
intestinal segment; GI, Gastro-intestinal; L, Left; R, Right; D, Dorsal. 
The left anterior gastro-intestinal artery follows the first gastro-intestinal segment at its dorsal side and 
subsequently bifurcates into a left and right branch both adjacent to the first gastro-intestinal segment 
(Figure 5-19 a, Figure 20 a, b and Figure Figure 5-21 a).  
The right anterior gastro-intestinal artery at first continues ventrally adjacent to the first gastro-
intestinal segment and subsequently turns to the anterior side to branch into the intestinal gland (Figure 
5-19 a, Figure 20 a, b and Figure Figure 5-21 a).  
The posterior gastro-intestinal arteries both follow the first intestinal segment posteriorly (Figure 5-19 a 
and Figure Figure 5-21 a, b).  
The right posterior gastro-intestinal artery follows the right dorsolateral side of the first gastro-intestinal 
segment and has at least 3 side branches before it terminates in close proximity of the posterior 
adductor muscle (Figure 5-19 a and Figure 5-21 a-c). 
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The left posterior gastro-intestinal artery follows the first gastro-intestinal segment on its left lateral side 
and also ramifies several times along its way before it finally disperses into the posterior adductor 
muscle (Figure 5-19 a and Figure 5-21 b, c). 
 
The anterior aorta continues to the anterior side of the mussel, dorsal to the stomach and branches 
along its way into (at least) three lateral branches and one dorsal branch (Figure 5-19 a and Figure 5-21 
a-c).  
The first branch of the anterior aorta is the left lateral pallial artery. It leaves the anterior aorta halfway 
between the ventricle outlet and the dorsal pallial artery and can be traced into the left mantle lobe 
bifurcating in a lateral and medial branch (Figure 5-19 a and Figure 5-21 b, c).  
The dorsal pallial artery immediately bends posteriorly after leaving the anterior aorta from its dorsal 
wall, towards the dorsal mantle lobe (Figure 5-19 a and Figure 5-21 a-c). The dorsal pallial artery 
subsequently bifurcates in a left and right dorsal pallial artery (Figure 5-20 b).  
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Figure 5-21: 3D-visualization of the main arteries, based on histological section images of a Bouin fixated, H&E stained blue 
mussel (Mytilus edulis). (a) Right lateral view with the gastro-intestinal (GI) tract. (b) Left lateral view with the gastro-intestinal 
tract. (c) Left lateral view with the veins, muscles and foot. Abbreviations: GI, Gastro-intestinal; P, Posterior; A, Anterior; D, 
Dorsal; V, Ventral. 
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The third branch of the anterior aorta is the right lateral pallial artery and continues anteriorly (Figure 
5-19 a, Figure 20 b and Figure 5-21 a).  
 
Figure 5-22: Transverse histological section of a Bouin fixated, H&E stained mussel (Mytilus edulis) at the level of the cuspidal 
septum of pericardio-renal canals . Abbreviations: L, Left; R, Right; D, Dorsal; I, first gastro-intestinal segment; II, second gastro-
intestinal segment; Dotted lines encircle the metanephridia (kidneys). 
At the level of the stomach a fourth branch leaves the anterior aorta; it is the onset of the gastric artery 
that bifurcates in a posterior and anterior gastric artery, both running adjacent to the left gastric wall 
(Figure 5-19 a and Figure 5-21 b).  
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Oblique veins 
The oblique veins run parallel to the pericardio-renal canals as described earlier (Figure 5-17 b, c and 
Figure 5-22). The oblique vein is a perpetuation of part of the intrarenal vasculature (Figure 5-17 and 
Figure 5-22). The metanephridia (organ of Bojanus/excretory glands/kidneys) are constituted of the 
intrarenal vasculature and several cavities along the longitudinal axis of the mussel (Figure 5-22). As the 
excretory system of Mytilus edulis was not the scope of this research the metanephridia were not 
visualized in 3D nor will be further described in this manuscript. 
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5.5. Discussion 
5.5.1 Hemolymph withdrawal 
Anesthesia for adductor muscle relaxation (e.g. MgCl2, MS222) has been described in several bivalves 
such as oysters and scallops with varying degrees of success (Gay et al., 2004; Lewbart and Mosley, 
2012; Ross and Ross, 2008). MgCl2 was successfully applied in this study as mussel anesthetic and 
allowed a clear visualization and manipulation of the mussel’s adductor muscles without the necessity 
to use of a knife or plier to prise the valves apart or to create a notch in the shells as described by Al-
Subiai et al. (2009). Hemolymph withdrawal from the anterior adductor muscle was not preferred due to 
the limited extracted hemolymph volume. This is in shrill contrast to the hemolymph extraction results 
from this same site in the fresh water mussel Elliptio complanata whose anterior adductor muscle is well 
developed (Gustafson et al., 2005).  
For hemolymph withdrawal of the heart, only invasive methods were considered as the exact 
anatomical location of the different structures of the heart was not known at the onset of this study. 
Withdrawal from the heart was more difficult compared to extraction from the adductor muscles 
because of the dorsal location of the heart close to the hinge. Taken into account the new insights from 
this study, it should be possible to puncture the pericardial cavity and the different heart structures 
without drilling a hole or removing a shell, after sedation of the mussels. This could be done by inserting 
a needle (23 to 26 G) right posteriorly of the hinge, into the pericardial cavity or into the ventricle. A 
similar non-invasive method was reported for non-sedated brackish water clams (Rangia cuneata) by 
blind injection through the hinge into the pericardial cavity (Fyhn and Costlow, 1975). The latter 
however, creates a considerable contamination risk of the sample with ventricular fluid (Gustafson et 
al., 2005) and/or pallial fluid from the dorsal recess of the pallial cavity if the animal is not properly 
drained (own findings). This blind method of puncturing through the hinge as described supra could 
result in puncturing the anterior aorta rather than the heart in case of Mytilus edulis.  
Due to the brittle nature of the cardiac tissue, drilling a hole in the shell was not possible without 
injuring the mussel as Friedl et al. (1988) successfully did with the American oyster Crassostrea virginica. 
However, one shell could be successfully removed, allowing us to puncture both the pericardial cavity 
and the ventricle, under a stereomicroscope. The latter method was reported by Gustafson et al. (2005) 
and Fyhn and Costlow (1975) in the freshwater mussel (Elliptio complanata) and the brackish water clam 
(Rangia cuneata) respectively. 
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5.5.2 3D-visualization  
Bouin fixative previously enabled a good preservation of the original anatomy in pig embryos (Cornillie 
et al., 2008) and was also positively evaluated in this study both for preparation of histology as for µCT. 
However, for this study, artefacts were encountered e.g. in between the muscle fibers of the adductor 
muscles in the µCT images of the critical point dried specimens. Critical point drying is generally 
accepted as a non-destructive preparatory technique (Fischer et al., 2012). However, artefacts are 
reported due to mechanical forces during the preparation of a sample and during the dehydration 
process prior to critical point drying (Bahr and Engler, 1980). We believe that the dehydration process 
with ethanol and acetone might have induced the artefacts that were observed between the fibers of 
the adductor muscle. 
PMA embedment after paraformaldehyde fixation in mouse (Mus musculus), zebrafish (Danio rerio) and 
clawed frog (Xenopus laevis) was described to result in qualitatively good visualization of and 
discrimination between tissue types and organs with µCT, including blood and blood vessels (Descamps 
et al., 2014). For this study however, the PMA embedment protocol did not suffice to picture the 
mussel’s cardio-vascular anatomy. The PMA embedment period for the mussels (3 h) was much shorter 
than as was described by Descamps et al. (2014) (6 h and 6 days respectively). However, when we 
observe Figure 5-10, except for the circular lines in the posterior adductor muscle, there are no 
indications of an inadequate staining period. This observation suggests that a prolonged embedment in 
PMA would not further improve the visualization of the cardiovascular system. Critical point drying in 
combination with Bouin fixation on the other hand resulted in a clear visualization of the heart and 
major arteries. This method was hence used to further study and describe the general mussel’s 
anatomy. However, preferred the PMA stained mussels to study the posterior adductor muscle, hereby 
avoiding false conclusions based on the artefacts mentioned earlier in this paragraph. 
Although injection of a contrast agent for vascular network imaging with µCT (Plouraboue et al., 2004; 
Renard et al., 2014) and for corrosion casting (Casteleyn et al., 2014) of the mussel’s vasculature is very 
promising, the brittle nature of the vascular lining did not allow injection of the necessary volume during 
our study. This is in contrast to Sabatier (1877) and Purdie (1887) who managed to inject the arterial 
system of Mytilus edulis. However, they did not mention the exact volume.  
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5.5.3 The anatomy of the blue mussel Mytilus edulis 
The existence of an infrabranchial and suprabranchial chamber (Gosling, 2003), inhalant syphon and 
exhalent syphon (Bayne, 1976), all part of the pallial cavity, was confirmed by our findings. However, 
before this study, no description was available of the dorsal recess of this pallial cavity. Its anatomical 
position poses a risk to contaminate hemolymph extracted from the pericardial cavity or ventricle with 
pallial fluid.  
Pallial fluid (seawater) should not be confused with extrapallial fluid which has a composition very 
similar to hemolymph. Extrapallial fluid can be found in the tiny space (extrapallial space) enclosed 
between the shell and mantle and is involved in shell formation (Crenshaw, 1972). Its extraction is 
described in different species including Mytilus edulis (Thomsen et al., 2010; Zittier et al., 2015). As both 
µCT and histological procedures required the removal of both shells, it was not possible to visualize the 
extrapallial space in 3D for this study.  
 
The posterior adductor muscle is the most commonly used hemolymph extraction site, due to its 
accessibility (e.g. with a needle through the exhalent syphon). It is however not clear where the 
hemolymph originates from. Following the description of Sabatier (1877) which was confirmed by Purdie 
(1887) (a ‘sinus among the fibers of the posterior adductor muscle’), the hemolymph that is withdrawn 
from the posterior adductor muscle could originate from hemolymph perfusing the muscle fibers. 
Although the excessive lacunar spaces between the muscle fibers of the critical point dried mussels are 
presumptive artefacts caused by the dehydration process as discussed above, the small spaces, gaps and 
fissures between the muscle fibers on the µCT images of the PMA-stained mussels are apparently 
physiological. Moreover, the small cavity at the dorsal border of the posterior adductor muscle 
connected to the large fissure in the adductor muscle indicates a connection to an afferent or efferent 
vascular vessel, presumably branche(s) of a gastro-intestinal artery. It is our hypothesis that the 
hemolymph withdrawn from the posterior adductor muscle originates from the final branches of the left 
(and right) posterior GI-arteries. Especially the left posterior gastro-intestinal branch can be discerned. 
This branch is remarkably wide and flattened upon its close contact with the posterior adductor muscle. 
The latter indicates that it could be readily dispersed into the posterior adductor muscle, providing it 
from hemolymph which could explain the ease of hemolymph withdrawal upon puncturing. Based on 
the 3D-reconstructions, the location of the small cavity reconciles with the position of the termination of 
the left posterior gastro-intestinal artery, favoring our hypothesis. However, this could not be confirmed 
based on histological sections probably due to the preparation process. 
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The description of Sabatier (1877) of the intestinal tract diverges slightly from what was observed in this 
study. Merely some denominations were revised, since they were neither mentioned nor described as 
such by Gosling Gosling (2003) or Bayne (1976). In short, the dilatated utricular stomach according to 
Sabatier (1877) was denominated as main stomach in this study and the tubular stomach was renamed 
as intestinal segment I. The large L-shaped blind-ending protrusion of the main stomach was termed 
diverticulum stomach in this study. It was not described before, although Sabatier (1877) did mention a 
stomachal diverticulum of 5-6 mm extending from the lower part of the stomach. The crystalline style 
could be traced neither on histological sections nor with µCT. Since the crystalline style releases 
enzymes for digestion (Gros et al., 2000), it can disappear within a couple of days in laboratory 
conditions (Sabatier, 1877). The short caecum at the end of gastro-intestinal segment I, near the 
posterior adductor muscle was described by Sabatier (1877) and its presence was confirmed by our 
findings. From the intestinal segment II onwards till the anus, including the penetration of the ventricle 
by the rectum, the morphological findings in this study reconcile with the extensive and detailed 
descriptions of Sabatier (1877).  
 
The heart of Mytilus edulis has a very thin vascular lining in contrast to a thick-walled muscular heart of 
vertebrates. The innumerable involutions and folds of the atrial wall were reported before and are 
suspected to ultra-filtrate atrial hemolymph as a pericardial gland during atrial pressure build-up 
(Andrews and Jennings, 1993; Seo et al., 2014). The presence of the pericardio-renal canal, connecting 
the pericard to each metanephridium, favors this hypothesis. The position of the atrio-ventricular valves 
and posterior connection between the left and right atria (Seo et al., 2014) could be confirmed with 
histological sections and 3D-visualization.  
There is some contradiction regarding the location and existence of an aortic bulb (enlargement of the 
aorta at its point of origin from the heart) in Mytilus edulis. According to Purdie (1887), the aorta leaves 
the ventricle at the anterior end and soon widens out into a large aortic bulb which gives rise to several 
arteries. Fox (2006), in contrast, described the aortic bulb as a swelling of the anterior part of the 
ventricle with the rectum passing through the center of this bulb and the aorta leaving the bulb on its 
dorsal anterior wall. Based on our findings we could not confirm the existence of an aortic bulb, neither 
as described by Purdie (1887) nor Fox (2006). In our observations, we saw the presence of a cuspidal 
septum at the level of the anterior ventricle outlet, which has never been described before. This septum 
could be a valve with at least one cusp, serving to prevent reflux from the aortae to the ventricle during 
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ventricular diastole. Indeed, in literature, the existence of ‘different kind of devices’ present at the 
junction of the ventricle with the atria and the aorta is reported (Narain, 1976). The latter author might 
refer to, besides the atrio-ventricular valves, the presence of a ventriculo-aortic valve, which would 
coincide with our findings.  
A posterior aorta is described in many bivalve mussel species. It was described in Mytilus edulis as a very 
small insignificant artery supplying only the floor of the pericardium (Purdie, 1887), which stands in shrill 
contrast to the large, though short blood vessel that is observed in this study. The posterior aorta 
continues as the coeliac trunk from the split-off of the right branch of the posterior adductor muscle and 
its division into the four GI-arteries. The latter were described by Purdie (1887) as two GI-arteries that 
subsequently divide into the anterior and posterior GI-arteries. The venous system of bivalves is very 
complex and varies from unwalled lacunae and hemal spaces to definite lumina surrounded by manifest 
venous walls (Milne-Edwards, 1845). This might explain why only the oblique veins could be 
differentiated with certitude in this study. According to Purdie (1887), great parts of the venous system 
of mussels consist of lacunae and hemal spaces. Indeed, as was observed with histologic sections in this 
study, dispersed parts of the visceral mass and mantle are constituted of lacunar tissue. It was not 
possible to clearly identify the intrarenal vasculature of Mytilus edulis, however since a connection was 
found between the oblique vein and the metanephridium, at least part of the intrarenal vasculature has 
to be allocated as venous. Indeed literature states that nearly all hemolymph passes the metanephridia 
before it finds its way via the oblique veins to the atria of the heart (Purdie, 1887). Sabatier (1877) 
describes a longitudinal vein, frequently being interrupted by masses of the excretory tissue, suggesting 
that part of the intrarenal vasculature observed in this study might be allocated as the longitudinal vein.  
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5.6. Conclusion 
In this study, we visualized the anatomy of adult blue mussel for the first time (in 3D) with state-of-the-
art technology. We compared our results to the pioneering work of Sabatier (1877) and Purdie (1887) on 
Mytilus sp.. The anatomical descriptions and 3D visualizations developed for this study will be of great 
value in several research fields that focus on mussels and may be useful for a better understanding of 
other bivalves, too. We focused on the hemolymph system. Through the obtained 3D-visualization 
based on micro-CT and histological sections, possible hemolymph extraction sites were clearly mapped. 
These data provide an insight in the origin of hemolymph withdrawn from the posterior adductor 
muscle. Our data suggest that this hemolymph originates from small spaces and fissures between the 
muscle fibers that are connected to at least one supplying artery, the left posterior gastro-intestinal 
artery. Based on our findings, non-invasive hemolymph extraction should be possible from the heart 
(ventricle and pericardial cavity) in a sedated mussel (MgCl2). However, caution should be taken for 
contamination with seawater from the dorsal recess of the pallial cavity. Drainage of the pallial fluid 
prior to hemolymph extraction is therefore essential. Finally, hemolymph extraction from the anterior 
aorta is less straightforward due to its location behind the hinge.  
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Chapter 6: The impact of quorum sensing, the 
alternative sigma factor RpoS and indole 
signaling on the virulence of Vibrio 
anguillarum towards blue mussel (Mytilus 
edulis) larvae 
6.1. Abstract 
Successful mussel larviculture precludes the high potential development of genetic enhancement 
breeding in the blue mussel Mytilus edulis. Unexpected mass mortality events in dense larvae 
cultures that are most likely of microbial origin keep the mussel sector in a capture based grow out 
cycle. The preventive use of antibiotics should not be taken into account as common cure due to its 
controversial reputation in resistance development. Antivirulence therapy focusses on disarming the 
pathogen instead of killing it, leaving the beneficial flora unharmed, and could be one of the 
alternatives to prevent mass mortalities in dense larvae cultures. In this regard it is important to 
unravel the mechanisms by which pathogens cause disease. In this research, a highly controlled 
immersion challenge test protocol (Chapter 4) was used to study the influence of Vibrio anguillarum 
on blue mussel larvae and to evaluate the protective potential of indole signaling. Vibrio anguillarum 
was found to be highly virulent towards Mytilus edulis larvae, causing 80 % mortality after 4 days. 
Quorum sensing is not involved in its virulence, however, the alternative sigmafactor RpoS is. 
Deletion of rpoS resulted in a significant reduction of virulence, which confirms the results of Li et al. 
(2014) in seabass larvae (Dicentrarchus labrax). The addition of indole to the mussel rearing water on 
the other hand did not affect the survival of the mussel larvae, which is in contrast to what was 
observed in seabass. This could indicate that different virulence factors are involved to infect fish (i.e. 
exopolysaccharide production and biofilm formation) (Croxatto et al., 2007) than are required to 
infect bivalves.  
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6.2. Introduction  
The preventive and curative use of antibiotics traditionally constitutes an important line of defense 
against bacterial disease in aquaculture (Smith, 2008) and could be applied to bivalve larviculture in 
order to avoid the financial losses linked to unexpected larval mass mortality events as described 
higher. However, the wide and frequent use of antibiotics in aquaculture has resulted in the 
development and spread of antibiotic resistance, rendering antibiotic treatments more and more 
ineffective. For a sustainable development of the aquaculture industry in the future, novel strategies 
to control bacterial infections are needed (Defoirdt et al., 2011). Possible alternative strategies to 
control pathogenic bacteria should therefore be considered, and one promising novel approach is 
the inhibition of virulence gene expression (Antivirulence therapy) (Defoirdt, 2014). In this respect, 
considerably research effort is being directed towards the interference with regulatory mechanisms 
that control virulence gene expression in bacterial pathogens, such as bacterial cell-to-cell 
communication (quorum sensing) (Defoirdt, 2013).  
 
As explained in section 2.2.4.2, Vibrio anguillarum has been recognized to comprise two quorum 
sensing systems (Error! Reference source not found.): a three-channel quorum sensing system 
imilar to the system found in many other vibrios, and an acylhomoserine lactone (AHL) system 
consisting of the signal synthase/receptor pair VanI/VanR (Lindell, 2012; Milton, 2006).  
 
 
In contrast to other vibrios such as Vibrio harveyi, no direct association between virulence and 
quorum sensing has been found in Vibrio anguillarum in several fish models (Li et al., 2014; Milton, 
2006). However, Li et al. (2014) described that the alternative sigma factor RpoS (controlling the 
output of the three-channel quorum sensing system) (Weber et al., 2008) and indole (another 
bacterial signal molecule) (Lee et al., 2015) have a major impact on the production of extracellular 
polysaccharides and biofilm formation, and on the virulence of  Vibrio anguillarum towards 
gnotobiotic sea bass (Dicentrarchus labrax) larvae.  
In this study, we aimed at investigating the virulence of Vibrio anguillarum towards blue mussel 
larvae. In addition, the impact of quorum sensing, RpoS and indole signaling on the virulence of the 
bacterium towards mussel larvae in a highly controlled model system (Chapter 4) was verified. Vibrio 
anguillarum was chosen because of the availability of deletion mutants (Table 6-1). 
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6.3. Materials and methods 
6.3.1 Bacterial growth conditions 
Vibrio anguillarum NB10 (Norqvist et al., 1990) and its deletion mutants DM26 (Milton et al., 1997), 
DM88, DM89 (Weber et al., 2011) and AC12 (Weber et al., 2008) (Table 6-1) were cultured on TCBS 
and grown for 48 h at 18° C. Subsequently a single colony was picked and inoculated into fresh LB35 
medium (Luria-Bertani medium with the addition of Instant Ocean artificial sea salt (Aquarium 
Systems, Sarrebourg, France) to obtain a salinity of 35 g L-1 ) on a horizontal shaker (150 rpm) at 18° C 
overnight. Cell density was determined spectrophotometrically at 600 nm using a spectrophotometer 
(Thermo spectronic genesis 20) according to the McFarland standard (BioMérieux, Marcy L’Etoile, 
France). 
Table 6-1: Bacteria strains used for this study. 
Strain Genotype or relevant markers Reference   
NB10 Wild type Vibrio anguillarum from which all other strains were derived, serotype O1, clinical 
isolate from the Gulf of Bothnia, Sweden 
(Norqvist et al., 1989)   
DM26 In-frame deletion of both VanI and VanR (Milton et al., 1997)   
DM88 NB10 derivative carrying a vanO gene that encodes an alanine instead of an aspartate at 
position 56 (D56A) 
(Weber et al., 2011)   
DM89 NB10 derivative carrying a vanO gene that encodes a glutamate instead of an aspartate 
at position 56 (D56E) 
(Weber et al., 2011)   
AC12 
ME15 
In-frame deletion of rpoS 
Photobacterium sanguinicancri 
(Weber et al., 2008) 
(Gomez-Gil et al., 
2016) 
  
 
6.3.2 Genetic fingerprinting of bacterial strains  
To verify that all strains originated from the same wild type, an ERIC-PCR (Versalovic et al., 1991) was 
performed. ERIC2 (5‟ATG-TAA-GCT-CCT-GGG-GAT-TCA-C) was used as forward primer and ERIC1R 
(5‟AAG-TAA-GTG-ACT-GGG-GTG-AGC-G) as reverse primer. PCR was performed in a MyCycler 
thermal cycler (BIO-RAD). The DNA amplification reaction consisted of an initial denaturation at 90° C 
for 5 minutes, then 35 cycles of denaturation at 90° C for 30 seconds, primer annealing at 45° C for 1 
minute, an elongation step at 72° C for 10 minutes and finally an additional elongation at 72° C for 20 
minutes. PCR products were run for 105 minutes at 70 V on a 1 % agarose gel in 0.5 x TAE buffer and 
stained with gel red (Biotium). A 1 kB bp ladder (Fermentas, Mass Ruler SM0313/SM0813) was 
included. Bands were visualized by using the Biorad ChemDoc MP gel imaging device. 
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6.3.3 Growth curves of the isolates 
Growth curves of Vibrio anguillarum wild type (NB10) and its deletion mutants were determined. 
Freshly grown cultures (OD550 = 1) were 100 x diluted in LB35 broth, subsequently 200 µL aliquots 
were loaded into a 96-well plate in four replicates. Absorbance (550 nm) was measured every hour 
till for 24 h at 18° C using Tecan Microplate Reader (Infinite 200). 
 
6.3.4 Rearing of blue mussel D-larvae 
The spawning, rearing, disinfection of Mytilus edulis larvae were preformed according to Chapter 4. 
Briefly wild-caught mature blue mussels were stimulated to spawn by thermal cycling in sterile sea 
water and allowed to spawn in sterile plastic cups containing 50 mL sterile sea water for 15 minutes. 
Sperm and eggs were collected and gently mixed at a 10:1 ratio in a beaker containing 1L of sterile 
sea water. After removal of excess sperm, the fertilized eggs were incubated in sterile sea water 
(max 100 eggs mL-1) containing chloramphenicol, nitrofurazone and enrofloxacin (each at 10 mg L-1). 
D-larvae were harvested after 48 h, washed gently to remove the antibiotics and stocked at a final 
concentration of 250 larvae mL-1. All manipulations were performed under a laminar flow hood. 
 
6.3.5 Challenge tests 
The semi-gnotobiotic challenge tests were performed according to Chapter 4 with some 
modifications. Briefly, one millilitre aliquots of the larval suspension (200 larvae mL-1 ) supplemented 
with tryptone (Biokar diagnostics) (10 mg L−1 ) and yeast extract (Fisher Scientific) (5 mg L−1) were 
loaded into 24-well plates. Subsequently Vibrio anguillarum strains were added to the culture water 
at 105 CFU mL-1. Each treatment was performed in four replicates, incubated at 18° C and daily 
survival during 5 days was monitored (Nikon SMZ1270 BINO) after lugol (5 % (v/v) staining. Larvae 
were considered alive when stained black by lugol, death if only parts of the larvae were stained or if 
shells were empty.  
 
6.3.6 Statistics 
All statistical analyses were performed using the SPSS software, version 24. A significance level of 1 % 
was used in all tests. Normality of the data was verified with the Kolmogorov-Smirnov test and 
different treatments were subsequently compared with One-way ANOVA, with Tukey's post-hoc test 
or independent samples t-tests with Levene’s test for equality of variances. 
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6.4. Results & Discussion 
6.4.1. Preliminary tests 
 
Figure 6-1: ERIC-PCR band patterns of Vibrio anguillarum wild type (NB10) and QS mutants : DM26 (in-frame deletion of 
both vanI and vanR); DM88 & DM89 (point mutation in vanO - D56A and D56E, respectively) and AC12 (in-frame deletion of 
rpoS). 
The genetic relatedness of the different deletion mutants to Vibrio anguillarum (NB10) was 
confirmed by ERIC-PCR fingerprinting (Figure 6-1) and differences in growth rate were verified. No 
significant differences in growth rates amongst the strains were observed (P < 0.01 – one way 
ANOVA) (Figure 6-1) and all strains displayed similar growth curves (Figure 6-2).  
 
Table 6-2: Growth rates at 18°C of Vibrio anguillarum wild type (NB10) and QS mutants : DM26 (in-frame deletion of both 
vanI and vanR); DM88 & DM89 (point mutation in vanO - D56A and D56E, respectively) and AC12 (in-frame deletion of 
rpoS). Average ± standard deviation of 4 replicates.  
Strain Growth rate (h
-1
) 
DM88 0.29±0.03 
DM89 0.28±0.00 
DM26 0.28±0.01 
AC12 0.27±0.01 
NB10  0.29±0.02 
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Figure 6-2: Growth curves of Vibrio anguillarum wild type (NB10) and QS mutants : DM26 (in-frame deletion of both vanI 
and vanR); DM88 & DM89 (point mutation in vanO - D56A and D56E, respectively) and AC12 (in-frame deletion of rpoS). 
Error bars represent the standard deviation of 4 cultures. 
6.4.2. Virulence of Vibrio anguillarum towards blue mussel larvae 
In a further experiment, the virulence of Vibrio anguillarum towards blue mussel larvae is verified in 
an immersion challenge test using a highly controlled experimental set-up.  Vibrio anguillarum 
(NB10) is highly virulent towards blue mussel D-larvae (80 % mortality after 4 days of immersion 
challenge), which is comparable to the virulence of Photobacterium sanguinicancri ME15, a known 
pathogen of mussel larvae (Figure 6-3) (Eggermont et al., 2017; Gomez-Gil et al., 2016). 
 
Figure 6-3: Survival of blue mussel (Mytilus edulis) larvae challenged with wild type Vibrio anguillarum (NB10) (WT) and 
Photobacterium sanguinicancri (ME15), a known pathogen to mussel larvae, during a 5 day highly controlled challenge test. 
“Control” refers to unchallenged larvae that were otherwise treated in the same way as in the other treatments. Error bars 
represent the standard deviation of 4 mussel cultures. Different letters denote significant differences (ANOVA with Tukey’s 
post-hoc test; P<0.01) at day 5. 
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Vibrio anguillarum contains two quorum sensing systems as described earlier (Error! Reference 
ource not found.) (Milton, 2006). In this study the mortality induced by wild type Vibrio anguillarum 
(NB10) was compared to that induced by the QS mutants derived from this wild type strain (Table 
6-1): DM26 which has a deletion of both vanI and vanR (AHL system) and DM88 & DM89 which both 
have a point mutation in vanO (resulting in the three-channel quorum sensing system locked in the 
“on” D56A and “off” D56E configuration, respectively). No differences in survival were observed 
during the 5 day challenge between the QS mutants DM26, DM88 and DM89 and Vibrio anguillarum 
wild type (NB10) (Figure 6-4), indicating that quorum sensing has no impact on the virulence of Vibrio 
anguillarum towards blue mussel larvae. These findings are similar to what was observed in rainbow 
trout (Oncorhynchus mykiss) juveniles and in seabass larvae (Buch et al., 2003; Li et al., 2014; Rasch 
et al., 2004).  
 
Figure 6-4: Survival of blue mussel larvae challenged with wild type Vibrio anguillarum (NB10) (WT) and three QS mutants : 
DM26 (in-frame deletion of both vanI and vanR); DM88 & DM89 (point mutation in vanO - D56A and D56E, respectively) 
during a 5 day highly controlled challenge test (Chapter 4). “Control” refers to unchallenged larvae that were otherwise 
treated in the same way as in the other treatments. Error bars represent the standard deviation of 4 mussel cultures. 
Different letters denote significant differences (ANOVA with Tukey’s post-hoc test; P<0.01) at day 5. 
RpoS and the quorum-sensing systems work together to regulates physiological responses required 
for survival (Weber et al., 2008). A significantly higher survival of mussel larvae was observed for the 
rpoS deletion mutant (AC12) in comparison to the wild type (NB10) (Figure 6-5 and Figure 6-6), 
indicating a significant role of RpoS in the virulence of Vibrio anguillarum towards blue mussel larvae. 
The decreased virulence of the rpoS deletion mutant towards mussel larvae corroborates what was 
previously observed in seabass larvae (Li et al., 2014), although the effect is less pronounced in 
mussel larvae.  
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Figure 6-5: Survival of blue mussel larvae challenged with wild type Vibrio anguillarum (NB10) (WT) and AC12 (in-frame 
deletion of rpoS) during a 5 day highly controlled challenge test (Chapter 4). “Control” refers to unchallenged larvae that 
were otherwise treated in the same way as in the other treatments. Error bars represent the standard deviation of 4 mussel 
cultures. Different letters denote significant differences (ANOVA with Tukey’s post-hoc test; P<0.01) at day 5. 
Indole is a putative QS signal molecule (Lee and Lee, 2010). The alternative sigma factor RpoS is 
known to regulate indole production in E. coli (Lelong et al., 2007). RpoS has been reported to 
decrease indole production in Vibrio anguillarum (Li et al., 2014), and the addition of indole to the 
rearing water of gnotobiotic seabass larvae decreased the virulence of Vibrio anguillarum. We 
reasoned that indole might also protect blue mussel larvae from this pathogen. However, in contrast 
to seabass larvae, the addition of 100µM indole to the mussel rearing water did not alter the survival 
of mussel larvae challenged with Vibrio anguillarum (Figure 6-6). These results might indicate that 
the virulence factors necessary to infect fish are different from those that are necessary to infect 
bivalves. It is indeed known that indole influences exopolysaccharide production (EPS) and biofilm 
formation in Vibrio anguillarum (Li et al., 2014), and that EPS and biofilm formation are required for 
the virulence of Vibrio anguillarum in fish (Croxatto et al., 2007). EPS and biofilm formation do not 
seem to be important virulence factors for Vibrio anguillarum in mussels. This might also explain the 
differences between seabass (loss of pathogenicity) and mussels (reduction of virulence) with respect 
to the impact of rpoS deletion, since EPS and biofilm formation are also regulated by RpoS (Li 2014, 
Lee 2015) 
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Figure 6-6: Survival of blue mussel larvae challenged with wild type Vibrio anguillarum (WT), with or without indole (added 
to the mussel rearing water at the start of the experiment), and AC12 (in-frame deletion of rpoS), five days after inoculation 
of the pathogen in the rearing water. “Control” refers to unchallenged larvae that were otherwise treated in the same way 
as in the other treatments as does “ethanol”, however in the latter the same amount of ethanol was added as in the 
different indole treatments (functioning as solvent for indole). Error bars represent the standard deviation of 4 mussel 
cultures. Different letters denote significant differences (ANOVA with Tukey’s post-hoc test; P<0.01). 
The significant difference in survival between the ethanol treatment and indole (50µM and 100µM) 
as can be observed in Figure 6-6 could be attributed to a counting error in the indole treatments 
because the lugol stain precipitated in the indole treatments, making it harder to accurately count 
live larvae.
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6.5. Conclusion 
This is the first report demonstrating that Vibrio anguillarum is highly virulent towards blue mussel 
larvae. The alternative sigma factor RpoS is required for full virulence of Vibrio anguillarum towards 
mussel larvae, which corroborates the results of Li et al. (2014) in seabass. Indole signaling does not 
influence virulence towards mussel larvae (in contrast to earlier finding in a sea bass model) which 
could indicate that different virulence factors are required to infect blue mussel and seabass. Further 
research is needed to unravel the virulence factors that are required for Vibrio anguillarum to 
successfully infect mussel larvae.  
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Chapter 7: General discussion and future 
perspectives 
7.1. Positioning this research within the context of bivalve 
(mussel) aquaculture 
The blue mussel sector has avoided the high costs of procuring seed by harvesting spat from nature 
(FAO, 2004), a situation that is under rising constraint as explained in Chapter 2. Hatchery technology is 
available (FAO, 2004) and has several advantages over the collection of wild seed such as a more reliable 
and flexible seed supply and the possibility to develop breeding programs. There is little literature on 
breeding programs for blue mussels.  Regarding the production of triploids, a first step has been taken 
by the blue seed project (Kamermans et al., 2013), in which the unpredictability in mussel seed supply 
and lower meat quality during and after the spawning season were taken as objective to look into the 
possibilities of the production of mussel seed in hatcheries and the production of  sterile triploids. 
Genetic enhancement in bivalves is still in its infancy, although results obtained in fish and shellfish 
farms involved in breeding programs are very promising, with an average genetic gain in growth rate of 
12.7 % per generation (Gjedrem and Robinson, 2014). The advances in genome mapping and marker-
assisted selection should also be taken into account (Yue, 2014). The step from wild state bivalves 
towards the use of genetically enhanced bivalve broodstock will require a significant investment, 
financially and time-wise. Moreover, the effects of climate change on the emergence, translocation and 
virulence parasites and pathogens might have a dramatic impact on bivalve culture in the future. The 
potential of breeding programs to select disease resistant strains and high temperature tolerance will 
become of greater value. By focusing on one disease at a time it is possible to increase the survival rate 
by at least 12.5 % per generation for most diseases studied in fish and shellfish (Gjedrem, 2015). As a 
shift towards hatchery production is likely to happen in the future, successful hatchery procedures will 
be essential. 
Larviculture is still one of the bottlenecks of aquaculture (FAO, 2016c). Unexpected mass mortality 
events occurring in dense larvae cultures cause huge economic losses and result in expensive seed 
(Estes et al., 2004). Little research has been done regarding mass mortalities in mussel larviculture and 
little is known about the potential transfer of pathogens from parents to larvae. As in most aquatic 
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species, the mass mortalities in mussel hatcheries have been claimed to be of bacterial origin (Estes et 
al., 2004; Powell et al., 2013). No bacterial pathogens causing mass mortalities had been described in 
blue mussels at the start of this PhD research, which is in contrast to other bivalves such as oysters 
(Estes et al., 2004) and clams (Yue et al., 2010). On the other hand, adult mussels are generally regarded 
as very robust (Philipp et al., 2012; Venier et al., 2011). Indeed, only few mass mortalities had been 
reported in mussel grow-out until recently. However, since 2010 both the bouchot culture in France 
(Ben Cheikh et al., 2016; Oden et al., 2016) and bottom culture in the Netherlands (Pauline Kamermans, 
personal communication) have been hit by severe mortalities causing increasing (socio)-economic losses 
(Agnes Jouaux and Isabelle Dupont Morral, personal communication). 
In this study, we focused on host-pathogen interactions in mussel larvae and adults and gathered data 
that are needed to enable the mussel sector to further develop and grow in a sustainable manner. We 
need a better understanding of the immune system of mussels and in order to enable immunological 
studies in the future, we described and visualized the normal anatomy of the blue mussel’s hemolymph 
system, using state-of-the-art technology. 
In the following sections the outcomes of this study will be further discussed and remaining research 
questions will be formulated. 
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7.2. Impact of opportunistic pathogens on mussel cultivation 
Opportunistic pathogens have been described by Brown et al. (2012) as non-obligate and/or non-
specialist parasites of a focal host. In this study, we hypothesized that opportunistic pathogens are 
associated with healthy blue mussel adults (Chapter 3). By adding 150 mg/l soluble organic matter to 
the rearing water, we stimulated the growth of opportunistic pathogens associated with mussels and 
noticed a 3 log increase in bacterial cell counts. The nutrient level we used is comparable to that in 
closed intensive aquaculture rearing systems. A high load of organic material in the rearing water in 
aquaculture systems, originating from uneaten feed, feces and dead biomass is known to favor fast 
growing opportunistic r-strategists (i.e. bacteria with the capacity to quickly exploit pulses and thereby 
increase their population size) over the slow growing competition specialists, which are capable of 
thriving in an environment with low levels of nutrients per individual (i.e. K-strategists) (Andrews and 
Harris, 1986). In case of mussels in culture beds, a high organic load could originate from dead algal 
and/or mussel biomass. The organic load of seawater is known to rise significantly shortly after an algal 
bloom and is also suspected to be very high in the vicinity of dead mussels. In aquaculture rearing 
systems (e.g. recirculation systems or biofloc systems), o, the other hand, nutrient levels can be 
considerably higher than in nature as levels of up to 290 mg/l (biological oxygen demand) have been 
reported (Azim and Little, 2008; Simões et al., 2008), which will favor the growth of heterotrophic 
bacteria (including opportunistic pathogens). Furthermore, there is an increased risk of disease 
transmission in an intensive system since the larvae are closer to each other, they probably are more 
stressed and have to compete for nutrients.  
We further demonstrated that several of the isolated bacteria were highly virulent towards mussel 
larvae (Chapter 4). These data confirm our original hypothesis that opportunistic pathogens are 
associated with healthy wild adult blue mussels. As opportunistic pathogens often exploit multiple hosts 
(Brown et al., 2012), it will be worthwhile to test the virulence of these isolates towards other bivalves 
(including different life stages) and maybe broader, towards fish and shrimp. 
The mussels used in Chapter 3 were defined as healthy and wild-caught. However, no specific health 
assessment was performed, except for a selection of the largest specimens that closed well upon 
contact. The mussels were taken from culture beds and moved directly to the lab (i.e. without further 
processing or incubation). The motivation to use the term wild-caught is twofold,: (1) the bottom culture 
beds from which the mussels were harvested and natural beds lay next to each other, and (2) the 
mussels in the culture beds are stocked in densities comparable to those in natural beds or less (to allow 
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optimal growth) (Pieter Geijsen, personal communication). Associated bacteria are thus expected to be 
similar since their biotope is shared.  
Our data (Chapter 3 and 4) indicate that opportunistic bacteria associated with healthy blue mussels 
could enter hatchery facilities through wild broodstock. In general, pathogenic agents are known to 
enter hatcheries or nurseries by three principal routes: the seawater, the broodstock and algal feed 
stocks (Elston, 1984). More research is needed to further unravel potential invasion routes in mussel 
hatcheries and to develop interventions to limit invasion by opportunistic pathogens. Biosecurity 
measures to prevent pathogens from entering hatcheries through the broodstock are difficult to 
implement. In contrast to equipment, water and tanks, mussels cannot be sterilized without harming 
them; neither can mussel larvae be chemically disinfected, as was discussed in Chapter 4. Moreover, to 
eliminate indiscriminately all microbiota from the water, live feed and cultured species probably is not 
the best management strategy. Indeed, intestinal microbiota are known to contribute to nutrition and 
immune stimulation of the host (Guarner and Malagelada, 2003), and a matured or green water 
approach might be preferred over clear water (involving disinfection) in hatchery conditions. This has 
been demonstrated, for instance, by a 65–70 % increase in survival of Atlantic cod larvae reared in 
matured water, when compared to larvae reared in a clear water system (Attramadal et al., 2014). 
Keeping fresh broodstock in quarantine for some time in disinfected (e.g. UV-treated) water in a 
recirculation system before they are transferred to the hatchery (as is implemented for oysters; Nancy 
Nevejan, personal communication) is an adequate measure to observe the health status of the animals 
(especially when combined with diagnostic tools to screen for the presence of potential pathogens). On 
the other hand, it is unlikely that quarantine alone will be sufficient to eradicate pathogenic bacteria 
that are associated with the animals, and consequently, a solid microbial management strategy will be 
essential to rule out opportunists and stimulate beneficial and/or neutral bacteria during the complete 
hatchery and nursery period.  
Our findings also demonstrate that adult blue mussels, although generally considered as being very 
robust (Philipp et al., 2012; Tanguy et al., 2013; Venier et al., 2011), are in fact susceptible to 
opportunistic pathogens that are associated with them and that are waiting for the right circumstances 
to attack their host. Indeed, mass mortality could be readily induced by increasing the nutrient level of 
the rearing water.  A major question that still remains is what the key factors are that affect the host-
pathogen interaction in such a way to allow the bacteria to kill the animals. Opportunistic pathogens are 
typically characterized in literature as organisms that can cause problems following a perturbation to 
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their host, e.g. a prior infection, immunodeficiency, stress and medication (Brown et al., 2012). 
Physiological changes caused by stress, for instance, influence the host-pathogen interaction in oysters 
and increased juvenile Crassostrea gigas vulnerability to Vibrio splendidus (Lacoste et al., 2001b). The 
recent reports of mass mortalities occurring in mussel aquaculture in France (Ben Cheikh et al., 2016; 
Oden et al., 2016) and the Netherlands (Pauline Kamermans, personal communication) are consistent 
with the reasoning that although adult mussels are considered to be robust, they are indeed vulnerable 
to disease if particular microbes and a particular trigger are present. Although bacteria belonging to the 
Splendidus clade, which are well-known pathogens of marine bivalves (Travers et al., 2015), were 
systematically detected in all dying mussel batches in France (Oden et al., 2016), no specific causative 
agent could be definitely identified so far, strengthening the possibility of a multi-factorial cause. 
Suboptimal environmental conditions and harmless micro-organisms such as nonvirulent bacteria 
(Lemire et al., 2015), viruses, parasites or a combination of them might cause a temporal decrease in the 
mussels’ immune defense and allow opportunistic pathogens to invade and eventually kill them. The 
oyster herpes virus, for example, has been associated with the successive disease outbreaks in oysters 
(Crassostrea gigas) in France (Solomieu et al., 2015). However, the herpes virus appeared neither 
essential (although causing some mortality), nor sufficient to cause mass mortalities in experimentally 
infections with specific pathogen free (SPF) animals, whereas bacteria were necessary for the disease 
(Petton et al., 2015b).  
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7.3. Development of a controlled challenge test protocol to study 
mussel-pathogen interactions 
A better understanding of host–pathogen interactions is essential to develop effective solutions for 
disease control and management. A challenge test model enables to study mortality in a controlled and 
reproducible manner. Moreover, in addition to survival, other characteristics can be monitored, such as 
growth (Fuller et al., 1983), immune response (Steinberg et al., 2014) and the microbial community 
composition of the larval gut (De Schryver and Vadstein, 2014). To circumvent the variable influence of 
the natural microbiota in such a challenge test model, a gnotobiotic system is indicated. The use of 
gnotobiotic model systems (animals cultured in axenic conditions or with known microflora) can be an 
excellent tool to extent the understanding of the mechanisms bacteria use to cause disease and to 
evaluate new treatments (Marques et al., 2006). The use of gnotobiotic organisms allows an increased 
control of variables, enhanced reproducibility of results, and more accurate experimental design by 
separating an animal into host and microbiota (Pleasants, 1973). Several gnotobiotic larval challenge 
test systems have been established for aquatic animals (Marques et al., 2006), such as zebrafish (Danio 
rerio) (Rawls et al., 2004), brine shrimp (Artemia franciscana) (Marques et al., 2005) , seabass 
(Dicentrarchus labrax) (Dierckens et al., 2009), Nile tilapia (Oreochromis niloticus) (Situmorang et al., 
2014), oyster (C.gigas) (Douillet and Langdon, 1993), clam (Mercenaria mercenaria) (Guillard, 1959) and 
Atlantic cod (Gadus morhua) (Forberg et al., 2012). However, no such system had been developed for 
mussels.  
In the highly controlled challenge test model for Mytilus edulis larvae that was developed for this thesis 
(Chapter 4), we nearly reached axenity. Due to the fragility of the fertilized mussel eggs it was not 
possible to chemically disinfect the eggs with glutaraldehyde (as used to sterilize cod and seabass eggs) 
(Dierckens et al., 2009; Forberg et al., 2012), hydrogen peroxide (used in Nile tilapia) (Situmorang et al., 
2014) and/or with (sodium)hypochlorite (used for Artemia cyst decapsulation and Nile tilapia) (Marques 
et al., 2005; Situmorang et al., 2014). In vitro fertilization technology to produce axenic larvae wasn’t 
possible for mussels either (in contrast to oysters, clams and zebrafish (Douillet and Langdon, 1993; 
Guillard, 1959; Rawls et al., 2004). Therefore, mussel eggs were incubated in an antibiotic mixture until 
they had developed into D-larvae. A similar incubation step was also part of the disinfection protocols 
used for the other species described above. Cod and seabass eggs were incubated in rifampicin (10 mg L-
1) and ampicillin (10 mg L-1) until hatching (Dierckens et al., 2009; Forberg et al., 2012). Zebrafish eggs 
were incubated for 6h in a mixture of ampicillin (100 mg L-1), kanamycin (5 mg L-1) and amphotericin B 
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(250 µg L-1) (Rawls et al., 2004). And straight-hinge clam larvae were obtained free of bacteria by 
allowing fertilized eggs to develop in solutions of penicillin G (1625 units mg-1), streptomycin and 
chloramphenicol (50 mg L-1) (Guillard, 1959). For mussel larvae, the optimal composition of the mixture 
was found to be chloramphenicol, nitrofurazone and enrofloxacin (each at 10 mg L-1). Prior to the 
incubation in the antibiotic mixture the mussel larvae were rinsed several times, a step that has been 
reported to significantly reduce the concentration of bacterial contaminants (Marques et al., 2006). To 
assure that the antibiotics are completely removed from the D-larvae at the start of the actual challenge 
test, it is advised to perform additional tests (Marques et al., 2006). The latter was not included in our 
protocol, however, a good survival was observed in the control treatment. 
To evaluate axenicity in vertebrate models, direct bacteriology, microscopy and amplification of 16S 
rDNA at different time points has been suggested (Smith et al., 2007). In case of the mussel challenge 
test protocol described in Chapter 4 and 6, only culturable bacteria have been screened. The use of live 
staining techniques or DNA fluorescent staining techniques will be useful to further validate and adjust 
the developed disinfection protocol for mussel larvae as it could detect unculturable bacteria. During 
the challenges performed in Chapter 4, we relied on antibiotics (rifampicin 10mg L-1) to maintain 
gnotobiotic conditions during the challenge. This is a procedure also applied in the gnotobiotic seabass 
challenge model (Dierckens et al., 2009). This implied the use of rifampicin resistant mutants in the 
challenge test protocol. However, we noticed fluctuations in the virulence of the selected natural 
rifampicin resistant strains during the challenge tests performed for Chapter 6. Indeed, a possible 
reduction in virulence in rifampicin-resistant strains has been described (Taha et al., 2006) and allocated 
to mutations in rpoB (encoding the β subunit of bacterial RNA polymerase) which may exert variable 
effects on bacterial fitness and on a variety of biological processes including virulence (Alifano et al., 
2015; Goldstein, 2014). We therefore abandoned the further use of rifampicin during challenges and 
noticed no reduction in axenicity in the axenic controls. We considered the addition of rifampicin during 
the actual challenge as not essential.  
Conclusions drawn from gnotobiotic challenge tests should be considered with precaution. The 
evaluation of virulence of bacteria using axenic challenges neglect the possible influence of other 
microbiota and the complicated interactions between bacteria and between bacteria and their host (De 
Schryver and Vadstein, 2014). However, the risk of drawing blunt conclusions is higher in non-axenic 
challenge test models than in gnotobiotic systems. In reverse, it is also important to verify the findings 
from gnotobiotic systems under normal culture conditions (De Schryver and Vadstein, 2014), due to the 
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presence of natural microbiota (if the natural microbiota is good, the host will be stronger). In this 
regard, it is put forward to evaluate in future research the virulence of the strains isolated in Chapter 6 
in normal rearing conditions, i.e. using non-axenic larvae at low larval densities (10-20 larvae mL-1) and 
with algae as feed. In order reduce the variability caused by variations in the composition of the natural 
microbiota, it would be interesting to use a synthetic microbial community. The latter could be obtained 
by starting with axenic larvae/algae and always administering the same microbial community (e.g. a 
community isolated from conventionally reared mussels).  
In addition to the larval challenge test, (unsuccessful) attempts have been done to develop a 
reproducible immersion challenge test protocol for mussel adults. Although significant mortality was 
observed in multiple tests, the protocol was not reproducible.  
As described in Chapter 2, only injection models have been reported in literature, wherein the pathogen 
is injected straight into the posterior adductor muscle at high dosage (Ben Cheikh et al., 2016; Cellura et 
al., 2006; Cellura et al., 2007), hereby circumventing the first defense barriers. As mentioned earlier, an 
immersion model as developed for this PhD research is a more natural infection model than an injection 
model, in which important physical, microbial and immune barriers (e.g. the mantle/intestinal tissue, 
the intestinal flora, phagocytosis/AMPs respectively) are ignored. Little literature is available regarding 
the possible infection routes of bacteria in bivalves, including mussels. As filter-feeders, mussels are 
known to filter bacteria from the seawater (Gosling, 2003; Prieur et al., 1990). A large portion of these 
filtered bacteria is known to be effectively ingested rather than being expelled as pseudo-feces (Gosling, 
2003). The gastro-intestinal tract, as in most animals, is therefore regarded as one of the possible entry 
site of pathogens. In this regard, the commensal intestinal flora are very important as a first barrier 
against bacterial invasion (De Schryver and Vadstein, 2014). It will be interesting to study the 
composition of the intestinal microbiota of mussels and to compare the normal gastro-intestinal 
histology (as described in Chapter 5) to the histology of diseased specimens. Cellular damage of the 
gastro-intestinal tissue (Ringo et al., 2007) could be an indication that (part of) the gastro-intestinal tract 
indeed serves as possible entry site for pathogens. Apart from the gastro-intestinal tract also the pallial 
organs (mantle, gills and palps) should be considered. The latter have been ignored for long as initial 
encounter/colonization sites in bivalves (Allam and Espinosa, 2016). There is a lack of information on the 
immune landscape at bivalve mucosal barriers, including the mucus layer itself as an excellent barrier to 
micro-organisms. As filter-feeder, also the pallial organs encounter an extraordinary large number of 
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microbes. An efficient processing of water-borne microbes of the pallial mucus layer is essential (Allam 
and Espinosa, 2016) and makes it a very interesting sampling site to study host-pathogen interactions.  
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7.4. Identification and characterization of pathogenic 
Vibrionaceae 
No bacterial pathogens able to cause mass mortality had been described for the blue mussel before the 
start of this thesis. However, in Chapter 4 and 6, several strains belonging to 3 different groups of 
bacteria were found to be highly virulent towards mussel larvae: vibrios belonging to the Splendidus 
clade, Photobacterium sp. and Vibrio anguillarum. As suggested earlier (section 2), all 3 of these groups 
have been reported as opportunists (Kan et al., 2012; Lacoste et al., 2001a; Takahashi et al., 2008). The 
majority of the isolated strains have been identified based on their 16S rDNA sequence, which did not 
allow us to identify them down to species level. However, the most virulent isolate of both groups was 
whole genome sequenced and identified as Vibrio hemicentroti and Photobacterium sanguinicancri 
(Gomez-Gil et al., 2016).  
Similar to our study (Chapter 4), most of the strains isolated from blue mussels during mass mortalities 
in France belonged to the Splendidus clade (Ben Cheikh et al., 2016; Oden et al., 2016). One out of 
twenty-three isolates was reported as highly virulent towards mussels in an experimental injection 
model (Oden et al., 2016), which is a rather low number since the first barrier against infection was 
circumvented.  
Regarding the invasion and colonization of the host as discussed in section 7.3, several virulence factors 
have been assumed to be involved. In this study we assessed motility, the production of lytic enzymes, 
exopolysaccharide production and biofilm formation. Lytic enzymes produced by bacteria are essential 
for the degradation of host tissues, allowing the pathogen to obtain nutrients and to spread through 
tissues (Finlay and Falkow, 1997). Motility is important during colonization of the host, and biofilm 
formation also protects bacteria from the host’s immune response. In Chapter 4 we found that all 
isolated strains tested positive for all tested virulence factors. However, no correlation could be found 
with the virulence towards mussel larvae. It is possible that these virulence factors are not essential to 
cause disease in mussel larvae as was discussed in Chapter 4.  
Other potential virulence factors have been described in literature in addition to the ones tested in 
Chapter 4. Pilli, structures involved in adhesion, are believed to pull bacteria onto or along surfaces 
(Gerlach and Hensel, 2007). Although vibrios are known to possess pili (Aagesen et al., 2013; Nakasone 
and Iwanaga, 1990), little is known on their importance for aquatic pathogens. Also other lytic enzymes 
such as metallo-, serine- and cysteine- proteases and chitinases, have been described as possible 
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virulence factors of bacterial aquaculture pathogens (Defoirdt, 2014). The secretion of siderophores by 
bacteria is related to virulence and essential for bacteria to thrive within an environment where there is 
limited iron availability (such as inside the host) (Ratledge and Dover, 2000). It is put forward as research 
perspective to evaluate the impact of other putative virulence factors in the strains that were used in 
Chapter 4 and 6 and to verify whether a correlation with virulence can be found.  
In Chapter 6 we found that the alternative sigma factor RpoS is involved in the virulence of Vibrio 
anguillarum in blue mussel larvae. Further unravelling of the virulence regulating function of RpoS will 
be interesting to clarify the observed differences between hosts. The rpoS deletion mutant was less 
virulent in mussel larvae and not virulent in seabass. Only little information is available regarding 
regulatory mechanisms including quorum sensing in Vibrio splendidus clade and Photobacterium sp. (Ke 
et al., 2014; Liu et al., 2016). Considering their virulence in mussel larvae (Chapter 4) and the abundance 
of pathogenic Vibrio splendidus like strains in the aquatic environment, unravelling the regulatory 
systems of these species is needed in the future as well. Also in regard to disease control in bivalve 
hatcheries, basic information regarding regulatory mechanisms including quorum sensing in 
opportunistic pathogens is essential. 
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7.5. Novel insights in mussel morphology and its importance for 
research on mussel-pathogen interactions  
Hemolymph withdrawal in bivalves can to a certain level be compared to blood withdrawal in 
vertebrates. Although hemolymph vessels are more difficult to distinguish than blood vessels, and 
although hemolymph is colorless, it is possible to extract a comparable volume/bodyweight (10 mL kg-1). 
Similar to vertebrates, bivalve hemolymph is extensively used in a broad range of research domains such 
as ecology, physiology, toxicology and immunology (Browne et al., 2008; Ivanina et al., 2016). Despite 
this, only few histological (Norton and Jones, 1992) or anatomical studies are available that visualize and 
describe the bivalve anatomy, in particular the hemolymph system (cardiovascular system).  
The most frequently used hemolymph extraction site in bivalves is the adductor muscle. In case of 
mussels, the posterior adductor muscle is mostly used. By insertion of a needle into this muscle, 0.5 - 1 
mL hemolymph can be withdrawn (Al-Subiai et al., 2009). However, it is not clear where this hemolymph 
originates from. In Chapter 5 we elucidated that hemolymph from the left (and right) posterior gastro-
intestinal artery flows into the posterior adductor muscle and disperses in between the muscle fibers, 
explaining why hemolymph can easily be withdrawn from the adductor muscle regardless of the exact 
location of the extraction needle in this muscle.  
Hemolymph is colorless and cannot be distinguished from coelomic fluid (fluid from the body cavity – 
sinuses) or pallial fluid (seawater in the pallial cavity) by eyesight, making it impossible to evaluate 
whether hemolymph, coelomic or pallial fluid is being extracted. Microscopic evaluation of the extracted 
fluid on the presence of hemocytes is frequently reported in literature to verify whether the extracted 
fluid indeed is hemolymph. However, microscopic evaluation does not provide any certitude on purity 
nor on origin, specifically since both coelomic fluid and hemolymph contain (motile) hemocytes. A good 
understanding of the cardio-vascular anatomy of the species prior to hemolymph withdrawal is essential 
to limit the contamination risk of the sample.  
This is particularly the case when cardiac hemolymph is extracted. From the atria hemolymph flows 
either towards the ventricle or is filtered through the atrial wall (pericardial gland), ending up in the 
pericardial cavity as pericardial fluid. This pericardial fluid is different in constitution to ventricular 
hemolymph (Picken, 1937) and is used to study the physiology of the excretory system in bivalves, which 
is known to accumulate heavy metals (Sunila, 1989). The 3D images in Chapter 5 revealed the possibility 
to extract ventricular and pericardial hemolymph from a dorsal approach (a dorsolateral approach is 
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hindered by the atrial folds). However, the depth of insertion of the needle will remain a challenge, since 
the pericardial cavity lies dorsal and adjacent to the ventricle. Ultrasound assisted cardiac hemolymph 
withdrawal could offer guidance to the needle insertion depth but would require a probe of max 5 mm 
width to pass through the shell opening of a (MgCl2) sedated mussel. 
To avoid contamination of hemolymph with pallial fluid, we recommended to carefully drain the mussel 
prior to hemolymph extraction from the heart (ventricle and pericardial cavity since the dorsal recess of 
the pallial cavity is located dorsal to heart (Chapter 5) and needs to be penetrated and crossed with the 
extraction needle prior to entering the pericardial cavity or ventricle of the heart.  
In Chapter 5 we also suggest the possibility to extract hemolymph from the anterior aorta. It was 
observed to be wide enough for hemolymph withdrawal but was never before reported as possible 
hemolymph extraction site, probably since the anterior aorta can only be reached (blind) through the 
hinge ligament. 
Whilst unravelling potential hemolymph extraction sites and revealing the origin of hemolymph 
extracted from the posterior adductor muscle, most of the anatomy of Mytilus edulis was visualized in 
3D. Besides the cardio-vascular anatomy, also the gastro-intestinal tract was described. Additionally, the 
major muscles, the adductor and retractor muscles, the foot and the gills were reconstructed in 3D 
based on histological sections. These data will be of great value for research areas such as pathology, 
physiology and immunology of bivalves to unravel the way pathogens are able to cause disease in 
mussels and how the mussel’s innate immune system can help to protect or overcome disease.  
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7.6. Suggestions for the control of bacterial diseases in mussel 
cultivation: the host - environment - pathogen continuum 
There is an urgent need to develop effective strategies to manage and control (bacterial) diseases in 
aquaculture, including the culture of bivalves. After decades of antibiotic (ab)use one can only conclude 
that the more antimicrobials are used, the less value they will have (Smith, 2008). Besides the 
awareness that we must use antimicrobial agents only when they are necessary and with rational use 
(Guardabassi and Kruse, 2008), we need to invest in alternatives (Defoirdt et al., 2011). There are three 
targets on which we can focus to control bacterial disease in aquaculture: the host, the environment and 
the pathogen (Defoirdt et al., 2011). In this section, all three targets will be discussed in relation to 
bivalve culture, in specific the culture of mussels. 
 
7.6.1 The host 
In disease prevention it is of outmost importance to ensure an optimal physical health of the cultured 
species, in which stress prevention and stimulation of the defense system are amendable factors. 
Regarding bivalve hatcheries and nurseries, the latter is an interesting approach in which the challenge 
test model as described in Chapter 4 and 6 will enable to screen for potential immune stimulants in 
mussel larvae such as β-glucans, more specific, and their potential to reduce mortality under challenge. 
β-glucans are known to activate the respiratory burst activity and antibacterial activity in the 
Mediterranean mussel Mytilus galloprovincialis and the carpet shell clam R. decussatus (Mar Costa et 
al., 2008) and β-glucans had a stimulatory effect on enzymes associated with the immune system in the 
scallop Chlamys farreri (Lin et al., 2011). As discussed in section 7.1, selective breeding can focus on 
disease resistance, as has been reported for Vibrio sp. in the clam Meretrix meretrix (Yue et al., 2012) 
and for herpes virus in the pacific oyster (C.gigas) (Camara et al., 2017). 
 
7.6.2 The environment 
In bivalve hatcheries, there is a constant flow of bacteria through all the compartments (broodstock, 
seawater, phytoplankton, larvae and tanks), i.e., there are many routes for the introduction of potential 
pathogens in the system. Environmental factors can be positively influenced by disinfection of incoming 
water, maintaining an optimal water quality and respecting standard hygiene practices. Temperature 
should be optimal for development and growth of the cultured species while being different from the 
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optimal growth temperature of pathogens. The nutrient load (fluctuations) in the water (coming from 
fecal material, uneaten feed (algae) and dead animals) should be limited as it is known to stimulate 
bacterial growth. Regarding microbial management, disinfection practices can favor r-strategists 
because they decrease the competition between bacteria (by decreasing the bacterial density) whereas 
a stable environment where the resources per individual are scarce will select for slow-growing 
organisms (K- strategists) (Defoirdt, 2016). Slow growth conditions can be imposed by controlled 
microbial colonization of the (disinfected) inflow water with K-strategists (matured water) (Blancheton 
et al., 2013) or probiotics (Hai, 2015). At any time, potentially harmful bacteria can enter into the 
system, but usually they enter at low concentrations and proliferate only under favorable conditions.  
The use of beneficial bacteria (probiotics) sharing the same ecological niche with pathogens and with 
the ability to compete with them, is another strategy to control the microbiological quality of the rearing 
system in bivalve hatcheries and nurseries. There are different modes of action of probiotics reported in 
bivalve larviculture, such as nutritional, antibacterial and stimulatory (Douillet and Langdon, 1993; 
Douillet and Langdon, 1994; Prado et al., 2010; Tritar et al., 1992), the latter in regard to metamorphosis 
and settlement. The challenge test model as described in Chapter 4 and 6 will enable to screen for the 
potential effect of probiotics on mussel larvae, more specific, on their potential to reduce mortality 
under challenge. 
 
7.6.3 The pathogen 
Alternative strategies to control bacterial pathogens could focus on killing of the pathogen (e.g. phage 
therapy, antibiotics and bactericidal natural products) or disarming the pathogen (antivirulence 
therapy). In the scope of this thesis, we will further highlight some of these strategies and their potential 
for mussel culture. 
7.6.3.1 Antivirulence therapy 
Pathogens deploy an arsenal of virulence factors to establish themselves within their infectious niche 
(Brannon and Hadjifrangiskou, 2016). By inhibiting bacteria from producing virulence factor(s), 
antivirulence therapy intends to disarm pathogens without killing them or harming the commensal 
bacteria (Clatworthy et al., 2007).  
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As explained in Chapter 2, quorum sensing (bacterial cell-to-cell communication), is a gene regulation 
mechanism by which bacteria co-ordinate the expression of certain genes in response to the presence of 
small signal molecules and has been found to regulate virulence gene expression in pathogenic bacteria. 
Considerable research effort these days is directed towards the development of quorum sensing-
disrupting techniques at different levels such as quorum sensing disruption of the signal transduction 
cascade, through the interference of signal detection, through the inhibition of signal production and 
quorum sensing signal degradation and inactivation. Most of these methods are still in research phase 
and few have been tested on bivalves. As mentioned in section 4, a vast amount of research still needs 
to be done to elucidate the specific quorum sensing mechanisms of bivalve pathogens such as vibrios 
belonging to the Splendidus clade. We noticed that in case of Vibrio anguillarum quorum sensing is not 
involved in virulence towards mussel larvae, whereas the stress sigma factor RpoS is required for full 
virulence. In order to unravel the regulating mechanisms involved in virulence it is needful to look 
beyond quorum sensing (e.g. the involvement of RpoS). This information is essential as a basis for the 
development of virulence inhibitors for bivalve aquaculture (Zhao et al., 2015).  
Finally, we have studied indole in Chapter 2 as a potential antivirulence compound to control bacterial 
processes related to host colonization and pathogenesis (Lee et al., 2015; Melander et al., 2014). Indole 
and derivatives may interfere with indole signaling in several bacterial strains, leading to a reduction of 
virulence production (Lee et al., 2013; Lee et al., 2015; Oh et al., 2012). However, in vibrios, indole 
signaling has only been described so far for Vibrio cholerae (Mueller et al., 2009) and V anguillarum (Li et 
al., 2014). No effect of indole was observed on the virulence of Vibrio anguillarum towards mussel 
larvae (Chapter 6). We now suggest evaluating the effect of indole derivates added directly to the 
rearing water of mussel larvae challenged with Vibrio anguillarum and the opportunistic pathogens 
isolated in Chapter 4. In particular auxins, indole analogues that are produced by various micro-algae, 
would be relevant to test in filter-feeding bivalves. Indole-3-acetic acid and indole-3-acetamide, showed 
similar effect as indole in Vibrio campbellii as pretreatment with auxins significantly decreased the 
virulence of Vibrio campbellii towards gnotobiotic brine shrimp larvae and decreased biofilm and 
exopolysaccharide levels (Yang et al., 2017).  
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7.6.3.2 Phage therapy 
Phages are viruses capable of infecting bacteria. After infection, they multiply exponentially using the 
machinery of the bacteria. And subsequently either lyse the bacterial host cell to release progeny viruses 
(=lytic phages) or replicate along with the host bacteria (= lysogenic phages) (Sharma et al., 2017). 
Lysogenic or temperate phages are capable, by incorporating viral genetic material into the host, to 
replicate along with the host and conferring new properties to the host bacteria (Abeles et al., 1984). 
The potential applications of phage therapy in bivalve culture are diverse, ranging from hatchery to 
nursery level (managing vibriosis) (Vinod et al., 2006) to consumption (managing Vibrio 
parahaemolyticus) (Jun et al., 2014). Indeed, phages are also being applied during the depuration 
process of bivalves such as cockles and oysters leading to a reduction of the depuration period, hence 
decreasing related costs (Pereira et al., 2016a; Pereira et al., 2016b; Pereira et al., 2017; Pereira et al., 
2015; Rong et al., 2014). Isolation of opportunistic pathogens in hatcheries and nurseries and evaluation 
of their virulence as described in Chapter 4 are an essential step, followed by the selection of 
appropriate phages and the necessary precaution against resistance development such as the 
application of phage cocktails (Mateus et al., 2014) and the use of supplementary quorum modulators 
(Hoque et al., 2016) if applicable.  
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7.7. Final conclusion  
This work has led to the isolation, description and characterization of different bacterial pathogens from 
the blue mussel Mytilus edulis (Chapter 4). To our knowledge this is the first solid documentation and 
identification of bacteria that are able to cause mortality in blue mussels. Furthermore, our data indicate 
that wild mussels contain a reservoir of pathogenic bacteria (Chapter 3) that might enter hatchery 
facilities unnoticed through healthy wild-caught broodstock, giving a first insight into the reason why 
blue mussel larviculture still is problematic. Given the fact that several of these isolates were found to 
be highly virulent towards mussel larvae, our data indicate that microbiological management will be an 
absolute requirement for a successful blue mussel larviculture.  
Secondly, given the recent mass mortalities occurring in France and the Netherlands, there might be a 
link between mussel associated pathogens and other yet unknown biotic and/or abiotic triggers. It is of 
high economic importance to further invest in research to elucidate what environmental triggers are 
needed to induce the mass mortalities recently affecting European blue mussel aquaculture.  
A thorough understanding of the reaction of the immune system to infective agents is essential for 
disease control in all species. However, this information is currently lacking for blue mussels. Reliable 
hemolymph sampling is of utmost importance for immunologic research in bivalves. A good insight of 
the species anatomy is therefore essential. This work describes the anatomy of the blue mussel through 
3D visualization of the cardiovascular system and other related anatomic structures, thereby giving a 
first detailed description of (potential) hemolymph withdrawal sites.  
Last but not least, this work sets the first steps to unravel the mechanisms by which bacterial pathogens 
cause disease in blue mussel larvae. Using a highly controlled challenge test model, we found that the 
stress sigma factor RpoS is required for full virulence of Vibrio anguillarum, a highly virulent pathogen 
towards mussel larvae. Further research is needed to unravel the virulence factors that are required for 
bacterial pathogens to successfully infect mussel larvae.  
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Chapter 8: Appendices 
Appendix A: Summary/Samenvatting 
Aquaculture is the fastest growing sector in the food industry, over 12 % (in value) of which comes from 
bivalve mollusks, including mussels. More than a third of the global mussel production is located in 
Europe. Mussel meat is a low priced source of high quality marine protein, low in fat and calories, and 
an excellent source of sodium, selenium, vitamin B12, zinc and foliate.  
The culture of blue mussels (Mytilus edulis) in Europe is based on wild-captured seed. Hatchery 
technology is available, though, and has several advantages in comparison to the collection of wild seed 
such as offering a more reliable and flexible seed supply and the possibility to develop breeding 
programs. Genetic enhancement in mussels is still in its infancy and relies on successful hatcheries and 
nurseries. As in other bivalves, the culture of blue mussel seed in hatcheries is rather expensive. One of 
the bottlenecks are the mass mortalities occurring in dense larval cultures, which are assumed to be of 
bacterial origin.  
Adult blue mussels are considered to be robust and resistant to disease. But notwithstanding this, since 
2010 mass mortalities have affected the grow-out of mussels in France and in the Netherlands. No 
etiological agent has been identified yet. Moreover, no bacterial pathogens able to cause mass 
mortalities had been described for blue mussels at the start of this PhD research (2010).  
In this study, we investigated whether opportunistic pathogens are associated with wild-caught adult 
blue mussels and whether these bacteria could cause mortality in mussel larvae, since we reasoned that 
environmental conditions that are beneficial to opportunistic pathogens might prevail under hatchery 
conditions and that opportunistic pathogens introduced through the broodstock might be responsible 
for mass mortalities of mussel larvae. The growth of heterotrophic bacteria associated with wild-caught 
blue mussel adults was stimulated by the addition of organic matter (tryptone and yeast extract) to the 
rearing water. This resulted in a 3 log increase in total heterotrophic bacterial counts in the rearing 
water and complete mortality of the animals after 6 days. This could be prevented by the addition of 
antibiotics. Water quality parameters (TAN, nitrite, oxygen and pH) were monitored regularly, and were 
all within the acceptable range throughout the experiment, excluding water quality deterioration as the 
primary cause of mortality.  
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Subsequently, we isolated 17 strains from these induced mortality events and demonstrated that they 
caused between 17 and 98 % mortality in blue mussel larvae in a newly developed, highly controlled 
immersion challenge test model. Eight of the isolates belong to the Splendidus clade of vibrios, while the 
other isolates belong to the genus Photobacterium. The genomes of the most virulent Vibrio isolate and 
the most virulent Photobacterium isolate were sequenced and contained several genes encoding factors 
that have previously been linked to virulence towards bivalves. In vitro tests confirmed that all 17 
isolates tested positive for these virulence factors. The sequenced genomes also contained a remarkably 
high number of multidrug resistance genes. We therefore assessed the sensitivity of all isolates to a 
broad range of antibiotics and found that there were indeed many strong positive correlations. These 
data provide an ecological insight into mass mortality in blue mussels, as they indicate that wild mussels 
contain a reservoir of pathogenic bacteria.  
To deal with the mass mortalities in dense larvae cultures of the blue mussel in a sustainable manner, 
alternatives to the prophylactic use of antibiotics need to be found. Antivirulence therapy, disarming the 
pathogen instead of killing it, thereby leaving the beneficial flora unharmed, could be one of the options. 
In this regard, it is important to unravel the mechanisms by which pathogens cause disease. In this 
research, our new immersion challenge test protocol was used to study the influence of quorum 
sensing, indole signaling and the stress sigma factor RpoS on the virulence of Vibrio anguillarum towards 
blue mussel larvae. Quorum sensing and indole signaling were found not to be involved in the virulence 
of the bacterium, whereas deletion of rpoS resulted in a significant reduction of virulence. 
A better understanding of host–pathogen interactions is essential to develop effective solutions for 
disease management. In this respect, a thorough insight in the bivalves’ innate immune system is 
essential. This implicates the withdrawal of hemolymph, as it contains both the cellular and humoral 
parts of the immune system. In addition to immunology, hemolymph of bivalves is used in a broad range 
of research domains such as as ecology, physiology and toxicology. Moreover, only few histological or 
anatomical studies that describe the bivalve anatomy are available. This makes it difficult to precisely 
determine the exact origin of the extracted hemolymph, which includes the possibility of contamination 
with other body fluids which may have biased the conclusions of this kind of studies. In this study, we 
visualized and discussed the cardiovascular anatomy of the blue mussel and generated three-
dimensional (3D) reconstructions based on µCT and histological slides. Other organs pertaining to the 
gastro-intestinal system, the muscular system and body cavities were included as well, because of their 
close relationship to the cardiovascular system. The different hemolymph extraction sites were clearly 
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visualized in 3D. The protocols and techniques we used to visualize the anatomy in 3D can be 
reproduced and adapted to other bivalve species. 
In conclusion, this work has led to the isolation, description and characterization of different bacterial 
pathogens from adult blue mussels Mytilus edulis, and to the first report unambiguously describing 
bacteria that are able to cause mortality in blue mussel larvae. Our data indicate that wild mussels 
contain a reservoir of pathogenic bacteria that might enter hatchery facilities unnoticed through healthy 
wild-caught broodstock. Proper microbiological management will therefore be an absolute requirement 
for a successful blue mussel larviculture. Moreover, this work gives a first detailed description of 
(potential) hemolymph withdrawal sites, which may have a ripple effect in various other research 
domains that make use of mussel hemolymph, such as immunology in particular. Simultaneously, the 
anatomy of the blue mussel was described through 3D visualization which will help to elucidate the 
pathology behind the mass mortalities currently occurring in France and in the Netherlands. Last but not 
least, this work has set the first steps to unravel the mechanisms through which bacterial pathogens 
cause disease in blue mussel larvae as we found that the stress sigma factor RpoS is required for full 
virulence of Vibrio anguillarum, a virulent pathogen for mussel larvae.  
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Samenvatting 
Aquacultuur is de snelst groeiende voedingssector ter wereld. Meer dan 12 % (in waarde) bestaat uit de 
teelt van tweekleppige mollusken, waartoe de mossels behoren. Eén derde van de totale 
mosselproductie wereldwijd bevindt zich in Europa. Mosselen vormen een goedkope bron van 
kwaliteitsvolle eiwitten, zijn caloriearm en  bevatten een gezonde hoeveelheid natrium, selenium, zink 
en vitamine B12. 
De Europese kweek van de blauwe mossel (Mytilus edulis) is volledig gebaseerd op het invangen van 
mosselzaad uit de natuur. De technologie om mosselzaad te kweken op land in broedhuizen (hatcheries) 
is nochthans voorhanden en biedt veel voordelen ten opzichte van de zaadinvang uit de natuur, zoals 
een meer betrouwbare en flexibele aanvoer van mosselzaad en de mogelijkheid om broedprogrammas 
op te starten. De genetische selectie in broedprogrammas staat bij mosselen nog in zijn kinderschoenen 
en is volledig afhankelijk van goed werkende, succesvolle mosselzaadbroedhuizen. Net als bij andere 
schelpdieren, is het kweken van mosselzaad een dure aangelegenheid. Eén van de struikelblokken is de 
plotse massale sterfte van mossellarven die in grote dichtheden worden opgekweekt. Deze sterfte 
wordt hoogstwaarschijnlijk door bacteriën veroorzaakt. 
Algemeen worden de blauwe mossels (met uitzondering van de larven) beschouwd als zeer robuuste 
dieren die heel resistent zijn tegen ziektes. Niettegenstaande worden Frankrijk en Nederland sinds 2010 
getroffen door episodes van massale sterfte bij blauwe mossels van elke leeftijdscategorie. De oorzaak 
werd tot op heden niet achterhaald. Meer nog, voor blauwe mossels werden er bij aanvang van dit 
doctoraatsonderzoek in 2010 nog geen bacteriële ziekteverwekkers (pathogenen) beschreven. 
In deze studie onderzochten we of er opportunistische ziekteverwekkers geassocieerd zijn met in het 
wild gevangen, geslachtsrijpe blauwe mosselen en of deze bacteriën sterfte kunnen veroorzaken bij 
mossellarven. We vermoedden dat de omgevingsfactoren in broedhuizen gunstig zijn voor deze 
bacteriën, zodat ze via de gezonde kweekdieren bij de larven terecht kunnen komen. Daar kunnen ze 
vervolgens massale sterfte veroorzaken. Om dit aan te tonen werd de groei van heterotrofe bacteriën, 
die geassocieerd zijn met uit het wild gevangen geslachtsrijpe blauwe mosselen, gestimuleerd, door de 
toevoeging van extra organisch materiaal (trypton en gistextract) aan het kweekwater. Hierdoor steeg 
het aantal heterotrofe bacteriën in het water met log 3 en waren alle mosselen na 6 dagen dood. De 
waterkwaliteit (TAN, nitriet, zuurstof en pH) werd op regelmatige tijdstippen gecontroleerd en bleef 
tijdens het experiment binnen de norm, waardoor een slechte waterkwaliteit als primaire oorzaak van 
deze massale sterfte werd uitgesloten. 
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Vervolgens isoleerden we 17 bacteriële stammen tijdens deze geïnduceerde mosselsterftes en toonden 
we aan dat deze bacteriën in staat waren om tussen de 17- 89 % (afhankelijk van de stam) sterfte te 
veroorzaken bij mossellarven. Dit deden we via een speciaal daarvoor ontwikkeld, sterk gecontroleerd 
challenge test model. Acht van de geïsoleerde stammen behoorden toe aan de Splendidus groep van 
vibrios, terwijl de andere isolaten deel uitmaakten van het geslacht Photobacterium. De genomen van 
de meest virulente stam uit elke groep werden gesequeneerd en bevatten verschillende genen die 
coderen voor factoren die reeds eerder gelinkt werden aan virulentie ten opzichte van schelpdieren. In 
in vitro tests werd vervolgens aangetoond dat alle 17 isolaten inderdaad deze virulentiefactoren 
aanmaken. Bovendien bevatten de gesequeneerde genomen een opvallend hoog aantal multidrug 
resistentie genen. Daarom hebben we vervolgens de gevoeligheid van alle isolaten ten opzichte van een 
breed spectrum aan antibiotica getest en ondervonden we dat er inderdaad veel zeer sterk positieve 
correllaties waren. Deze data bieden een ecologisch inzicht in de massale sterfte bij blauwe mosselen en 
tonen aan dat mosselen uit het wild een reservoir aan ziekteverwekkende bacteriën bevatten. 
Om op een duurzame manier de massale sterfte in de kweek van mossellarven te kunnen aanpakken, 
moeten er alternatieven gevonden worden voor het preventieve gebruik van antibiotica. 
Antivirulentietherapie, waarbij de ziekteverwekkers ontwapend worden in plaats van gedood en 
waardoor goede bacteriën gespaard blijven, is één van de mogelijke denkpistes. Hiervoor is het 
essentieel om de mechanismen te ontrafelen waarmee ziekteverwekkers mossellarven infecteren. In 
deze studie werd het ontwikkelde challenge test model opnieuw gebruikt, ditmaal om de invloed van 
quorum sensing, indool signalisatie en de stress sigma factor RpoS na te gaan op de virulentie van Vibrio 
anguillarum ten opzichte van mossellarven. Quorum sensing en indole signaling bleken niet betrokken 
te zijn bij de virulentie van deze bacterie, hoewel de deletie van RpoS  resulteerde in een significante 
vermindering van de virulentie. 
Voor een goed ziektemanagement in de schelpdierbroedhuizen is het dus essentieel om de interacties 
tussen de ziekteverwekkers en hun gastheer goed te bestuderen. Dit omvat onder meer een goede 
kennis van het immuunsysteem van de gastheer. Immunologisch onderzoek van schelpdieren is vaak 
gebaseerd op hemolymfe, het bloed van schelpdieren. Hemolymfe van de blauwe mossel wordt ook nog 
voor veel andere doeleinden gebruikt, zoals voor ecologisch, toxicologisch en fysiologisch onderzoek. Er 
bestaan echter maar een beperkt aantal histologische en anatomische beschrijvingen van een beperkt 
aantal bivalven. Dit maakt het zeer moeilijk om de precieze herkomst van het afgenomen 
hemolymfestaal te achterhalen. De mogelijkheid van contaminatie met andere lichaamsvloeistoffen kan 
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ook niet worden uitgesloten, waardoor er mogelijks foute conclusies werden getrokken. In deze studie 
hebben we de anatomie van het hemolymfestelsel (cardiovasculaire stelsel) van de blauwe mossel 
gevisualiseerd met behulp van de nieuwste technologieën (3D-reconstructie gebaseerd op histologische 
coupes en µCT-beelden) en tevens in detail beschreven. Andere organen zoals het spijsverteringsstelsel, 
de spieren en de lichaamsholtes werden hierin meegenomen vanwege hun anatomisch verband met het 
cardiovasculair stelsel. Vervolgens werden de verschillende hemolymphe-afnameplaatsen gevisualiseerd 
en werd de oorsprong van hemolymfe uit de posterieure adductorspier achterhaald. De protocollen en 
de technieken die hiervoor werden gebruikt, kunnen naar alle waarschijnlijkheid eenvoudig  
geadapteerd en toegepast worden om ook de anatomie van andere schelpdieren in beeld te brengen. 
Samengevat leidde dit werk tot het isoleren, beschrijven en karakteriseren van verschillende bacteriële 
ziekteverwekkers, die geassocieerd zijn met geslachtsrijpe blauwe mosselen, en tot de eerste uitvoerige 
beschrijving van bacteriën die massamortaliteit kunnen veroorzaken bij larven. Onze data tonen aan dat 
in het wild gevangen mosselen een reservoir aan bacteriële ziekteverwekkers  bevatten, die ongemerkt  
via de gezonde kweekdieren in broedhuizen binnen kunnen geraken. Goed microbieel management is 
voor een succesvolle kweek van mosselzaad dus een absolute noodzaak. Bovendien biedt dit werk een 
eerste gedetailleerde beschrijving van de (potentiële) afnameplaatsen van hemolymphe bij de blauwe 
mossel. Dit is belangrijk voor de vele onderzoeksdomeinen die gebruik maken van mosselhemolymfe, in 
het bijzonder de immunologie. Simultaan werd ook de anatomie van de blauwe mossel (in 3D) in beeld 
gebracht en beschreven. Dit kan helpen om de pathologie achter de massamortaliteit die momenteel 
Frankrijk en Nederland treft, te achterhalen. Tenslotte zette dit werk de eerste stap om het mechanisme 
waarmee bacteriële ziekteverwekkers mossellarven  infecteren, te ontrafelen, aangezien we ontdekten 
dat de stress sigma factor RpoS noodzakelijk is voor de volwaardige virulentie bij Vibrio anguillarum. 
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Appendix B: Supplementary data 
Table 8-1S: Clusters of Orthologous Groups (COG) automatic classification for Vibro hemicentroti ME9. This analysis was performed using the COG automatic classification tool in 
the genoscope database (https://www.genoscope.cns.fr/agc/microscope/home). This analysis was performed by Tom Defoirdt. 
Process Class ID Description CDS % 
CELLULAR PROCESSES AND SIGNALING D Cell cycle control, cell division, chromosome partitioning 61 1.11 
CELLULAR PROCESSES AND SIGNALING M Cell wall/membrane/envelope biogenesis 278 5.07 
CELLULAR PROCESSES AND SIGNALING N Cell motility 160 2.92 
CELLULAR PROCESSES AND SIGNALING O Posttranslational modification, protein turnover, chaperones 197 3.59 
CELLULAR PROCESSES AND SIGNALING T Signal transduction mechanisms 345 6.29 
CELLULAR PROCESSES AND SIGNALING U Intracellular trafficking, secretion, and vesicular transport 160 2.92 
CELLULAR PROCESSES AND SIGNALING V Defense mechanisms 105 1.91 
CELLULAR PROCESSES AND SIGNALING W Extracellular structures 5 0.09 
INFORMATION STORAGE AND PROCESSING A RNA processing and modification 1 0.02 
INFORMATION STORAGE AND PROCESSING B Chromatin structure and dynamics 1 0.02 
INFORMATION STORAGE AND PROCESSING J Translation, ribosomal structure and biogenesis 222 4.05 
INFORMATION STORAGE AND PROCESSING K Transcription 460 8.39 
INFORMATION STORAGE AND PROCESSING L Replication, recombination and repair 224 4.08 
METABOLISM C Energy production and conversion 285 5.20 
METABOLISM E Amino acid transport and metabolism 493 8.99 
METABOLISM F Nucleotide transport and metabolism 116 2.12 
METABOLISM G Carbohydrate transport and metabolism 351 6.40 
METABOLISM H Coenzyme transport and metabolism 176 3.21 
METABOLISM I Lipid transport and metabolism 140 2.55 
METABOLISM P Inorganic ion transport and metabolism 316 5.76 
METABOLISM Q Secondary metabolites biosynthesis, transport and catabolism 111 2.02 
POORLY CHARACTERIZED R General function prediction only 668 12.18 
POORLY CHARACTERIZED S Function unknown 364 6.64 
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Table 8-2S: Clusters of Orthologous Groups (COG) automatic classification for Photobacterium sanguinicancri ME15 . This analysis was performed using the COG automatic 
classification tool in the genoscope database (https://www.genoscope.cns.fr/agc/microscope/home). This analysis was performed by Tom Defoirdt. 
Process 
Class 
ID Description CDS % 
CELLULAR PROCESSES AND SIGNALING D Cell cycle control, cell division, chromosome partitioning 63 1.04 
CELLULAR PROCESSES AND SIGNALING M Cell wall/membrane/envelope biogenesis 315 5.20 
CELLULAR PROCESSES AND SIGNALING N Cell motility 192 3.17 
CELLULAR PROCESSES AND SIGNALING O Posttranslational modification, protein turnover, chaperones 216 3.56 
CELLULAR PROCESSES AND SIGNALING T Signal transduction mechanisms 357 5.89 
CELLULAR PROCESSES AND SIGNALING U Intracellular trafficking, secretion, and vesicular transport 137 2.26 
CELLULAR PROCESSES AND SIGNALING V Defense mechanisms 106 1.75 
CELLULAR PROCESSES AND SIGNALING W Extracellular structures 1 0.02 
INFORMATION STORAGE AND PROCESSING A RNA processing and modification 1 0.02 
INFORMATION STORAGE AND PROCESSING B Chromatin structure and dynamics 1 0.02 
INFORMATION STORAGE AND PROCESSING J Translation, ribosomal structure and biogenesis 236 3.89 
INFORMATION STORAGE AND PROCESSING K Transcription 414 6.83 
INFORMATION STORAGE AND PROCESSING L Replication, recombination and repair 230 3.79 
METABOLISM C Energy production and conversion 364 6.01 
METABOLISM E Amino acid transport and metabolism 497 8.20 
METABOLISM F Nucleotide transport and metabolism 121 2.00 
METABOLISM G Carbohydrate transport and metabolism 320 5.28 
METABOLISM H Coenzyme transport and metabolism 201 3.32 
METABOLISM I Lipid transport and metabolism 154 2.54 
METABOLISM P Inorganic ion transport and metabolism 334 5.51 
METABOLISM Q Secondary metabolites biosynthesis, transport and catabolism 111 1.83 
POORLY CHARACTERIZED R General function prediction only 644 10.63 
POORLY CHARACTERIZED S Function unknown 387 6.39 
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Table 8-3S: Examples of genes linked to motility, hemolytic activity, production of extracellular proteases and (multiple) antibiotic resistance in the genome sequence of Vibro 
hemicentroti ME9. These data were obtained from the automatic annotation of the RAST server (http://rast. nmpdr.org). Contig n°, start and stop sites refer to the genome 
sequence as submitted to GenBank. This analysis was performed by Tom Defoirdt. 
Contig n° Start site Stop site Annotation 
 
Flagellar motility and chemotaxis 
 00001 5514 5134 Chemotaxis regulator - transmits chemoreceptor signals to flagellar motor components CheY 
 00001 6279 5545 RNA polymerase sigma factor for flagellar operon 
 00001 7159 6272 Flagellar synthesis regulator FleN 
 00001 8774 7173 Flagellar biosynthesis protein FlhF 
 00001 10900 8802 Flagellar biosynthesis protein FlhA 
 00001 12243 11113 Flagellar biosynthesis protein FlhB 
 00001 13034 12270 Flagellar biosynthesis protein FliR 
 00001 13253 13041 Flagellar biosynthesis protein FliQ 
 00001 14191 13322 Flagellar biosynthesis protein FliP 
 00001 14594 14238 Flagellar biosynthesis protein FliQ 
 00001 15064 14654 Flagellar motor switch protein FliN 
 00001 16137 15094 Flagellar motor switch protein FliM 
 00001 16633 16145 Flagellar biosynthesis protein FliL 
 00001 18844 16747 Flagellar hook-length control protein FliK 
 00001 19464 19027 Flagellar protein FliJ 
 00001 20803 19484 Flagellum-specific ATP synthase FliI 
 00001 21603 20803 Flagellar assembly protein FliH 
 00001 22790 21729 Flagellar motor switch protein FliG 
 00001 24525 22783 Flagellar M-ring protein FliF 
 00001 24853 24542 Flagellar hook-basal body complex protein FliE 
 00001 26395 24986 Flagellar regulatory protein FleQ 
 00001 27469 26429 Flagellar sensor histidine kinase FleS 
 00001 29121 27655 Flagellar regulatory protein FleQ 
 00001 29679 29350 Flagellar biosynthesis protein FliS 
 00001 30078 29773 Flagellar rod protein flaI 
 00001 31050 30082 Flagellar hook-associated protein FliD 
 00001 32108 31158 Flagellar hook-associated protein FliD 
 00001 32556 32131 Flagellin protein FlaG 
 00001 33767 32638 Flagellin protein FlaA 
 00001 34723 34391 Flagellin protein FlaD 
 00006 36173 37054 Sodium-type flagellar protein motY precursor 
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 00010 109066 112581 Flagellar motor protein 
 00040 11 343 Flagellin protein FlaD 
 00078 48277 47145 Flagellar protein FlgT 
 00078 48500 49105 Flagellar protein FlgO 
 00078 49115 49546 Flagellar protein FlgP 
 00078 50246 49821 Flagellar biosynthesis protein FlgN 
 00078 50630 50313 Negative regulator of flagellin synthesis FlgM 
 00078 51460 50810 Flagellar basal-body P-ring formation protein FlgA 
 00078 53655 54050 Flagellar basal-body rod protein FlgB 
 00078 54055 54468 Flagellar basal-body rod protein FlgC 
 00078 54486 55199 Flagellar basal-body rod modification protein FlgD 
 00078 55250 56553 Flagellar hook protein FlgE 
 00078 56868 57572 Flagellar basal-body rod protein FlgF 
 00078 57594 58382 Flagellar basal-body rod protein FlgG 
 00078 58490 59266 Flagellar L-ring protein FlgH 
 00078 59361 60452 Flagellar P-ring protein FlgI 
 00078 60463 61397 Flagellar protein FlgJ [peptidoglycan hydrolase] (EC 3.2.1.-) 
 00078 61618 63498 Flagellar hook-associated protein FlgK 
 00078 63508 64698 Flagellar hook-associated protein FlgL 
 00078 65122 66258 Flagellin protein FlaC 
 00079 14020 14655 Sodium-type flagellar protein MotX 
 00095 107072 107836 Flagellar motor rotation protein MotA 
 00095 107849 108796 Flagellar motor rotation protein MotB 
 00095 210593 211657 Flagellin protein FlaF 
 00110 16655 17062 Flagellar biosynthesis protein FliL 
Hemolytic activity 
 00002 4311 4847 hemolysin-type calcium binding protein 
 00005 151827 150580 Thermolabile hemolysin precursor 
 00020 208324 208070 Hemolysin 
 00037 20245 18491 Putative hemolysin 
 00109 159538 158933 21 kDa hemolysin precursor 
Extracellular protease 
 00005 59593 58931 Collagenase and related proteases 
 00027 82832 81015 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc protease (EC 3.4.24.26) 
 00034 67846 70260 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc protease (EC 3.4.24.26) 
 00047 196138 195077 Secreted trypsin-like serine protease 
 00047 216324 214289 Vibriolysin, extracellular zinc protease (EC 3.4.24.25) @ Pseudolysin, extracellular zinc protease (EC 3.4.24.26) 
 00095 199849 198396 Exported zinc metalloprotease YfgC precursor 
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Antibiotic resistance 
 00005 7953 9326 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00012 27699 28916 MFS family multidrug transport protein, bicyclomycin resistance protein 
 00020 47631 46297 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00027 171884 173005 Multidrug resistance protein D 
 00028 54682 55887 Multidrug resistance protein D 
 00034 349921 348770 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00042 46813 45602 Multidrug resistance protein 
 00043 28565 27915 Multiple antibiotic resistance protein MarC 
 00043 137293 138497 Multidrug resistance protein D 
 00047 205559 206941 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00047 229872 230935 Multidrug resistance protein A 
 00047 230939 232489 Multidrug resistance protein B 
 00049 11810 13009 Multidrug resistance transporter, Bcr/CflA family 
 00051 27032 23985 RND multidrug efflux transporter; Acriflavin resistance protein 
 00051 44950 43759 Multidrug resistance protein D 
 00053 9196 6083 RND multidrug efflux transporter; Acriflavin resistance protein 
 00110 24656 24072 Multiple antibiotic resistance protein marC 
 00114 138997 138356 Multiple antibiotic resistance protein marC 
 00123 6572 3450 RND multidrug efflux transporter; Acriflavin resistance protein 
 00123 192766 191423 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00127 87454 90567 RND multidrug efflux transporter; Acriflavin resistance protein 
 00127 115761 117041 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
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Table 8-4S: Examples of genes linked to motility, hemolytic activity, production of extracellular proteases and (multiple) antibiotic resistance in the genome sequence of 
Photobacterium sanguinicancri ME15. These data were obtained from the automatic annotation of the RAST server (http://rast. nmpdr.org). Contig n°, start and stop sites refer 
to the genome sequence as submitted to GenBank. This analysis was performed by Tom Defoirdt. 
Contig n° Start site Stop site Annotation 
Flagellar motility and chemotaxis 
 00010 60756 59654 Flagellar protein FlgT 
 00010 60998 61633 Flagellar protein FlgO 
 00010 61642 62067 Flagellar protein FlgP 
 00013 88506 88078 Flagellar biosynthesis protein FlgN 
 00013 88896 88573 Negative regulator of flagellin synthesis FlgM 
 00013 89331 89002 Flagellar basal-body P-ring formation protein FlgA 
 00013 91996 92391 Flagellar basal-body rod protein FlgB 
 00013 92395 92811 Flagellar basal-body rod protein FlgC 
 00013 92828 93544 Flagellar basal-body rod modification protein FlgD 
 00013 93573 94874 Flagellar hook protein FlgE 
 00013 95099 95848 Flagellar basal-body rod protein FlgF 
 00013 95869 96657 Flagellar basal-body rod protein FlgG 
 00013 96687 97466 Flagellar L-ring protein FlgH 
 00013 97487 98584 Flagellar P-ring protein FlgI 
 00013 98645 99613 Flagellar protein FlgJ [peptidoglycan hydrolase] (EC 3.2.1.-) 
 00013 99775 101657 Flagellar hook-associated protein FlgK 
 00013 101671 102861 Flagellar hook-associated protein FlgL 
 00013 105387 106541 Flagellin protein FlaC 
 00013 106789 107898 Flagellin protein FlaD 
 00013 107967 108404 Flagellin protein FlaG 
 00013 108472 109794 Flagellar hook-associated protein FliD 
 00013 109829 110131 hypothetical flagellar rod protein FlaI 
 00013 110143 110553 Flagellar biosynthesis protein FliS 
 00013 110727 112186 Flagellar regulatory protein FleQ 
 00013 112335 113405 Flagellar sensor histidine kinase FleS 
 00013 113406 114816 Flagellar regulatory protein FleQ 
 00013 114998 115309 Flagellar hook-basal body complex protein FliE 
 00013 115325 117076 Flagellar M-ring protein FliF 
 00013 117069 118109 Flagellar motor switch protein FliG 
 00013 118171 118967 Flagellar assembly protein FliH 
 00013 118967 120505 Flagellum-specific ATP synthase FliI 
 00013 120524 120967 Flagellar protein FliJ 
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 00013 122491 123021 Flagellar hook-length control protein FliK 
 00013 123089 123577 Flagellar biosynthesis protein FliL 
 00013 123585 124631 Flagellar motor switch protein FliM 
 00013 124646 125038 Flagellar motor switch protein FliN 
 00013 125038 125466 Flagellar biosynthesis protein FliQ 
 00013 125463 126296 Flagellar biosynthesis protein FliP 
 00013 126313 126582 Flagellar biosynthesis protein FliQ 
 00013 126618 127400 Flagellar biosynthesis protein FliR 
 00013 127422 128551 Flagellar biosynthesis protein FlhB 
 00013 128796 130892 Flagellar biosynthesis protein FlhA 
 00013 131019 132718 Flagellar biosynthesis protein FlhF 
 00013 132711 133598 Flagellar synthesis regulator FleN 
 00013 133591 134313 RNA polymerase sigma factor for flagellar operon 
 00013 134359 134742 Chemotaxis regulator - transmits chemoreceptor signals to flagelllar motor components CheY 
 00017 77402 76983 Flagellar biosynthesis protein FliL 
 00047 43138 41123 Flagellar biosynthesis protein FlhA 
 00047 44364 43237 Flagellar biosynthesis protein FlhB 
 00047 45137 44361 Flagellar biosynthesis protein FliR 
 00047 45413 45144 Flagellar biosynthesis protein FliQ 
 00047 46184 45456 Flagellar biosynthesis protein FliP 
 00047 46543 46184 Flagellar motor switch protein FliN 
 00047 47443 46545 Flagellar motor switch protein FliM 
 00047 48078 48950 Sodium-type flagellar protein MotY 
 00047 48947 50427 Flagellar regulatory protein FleQ 
 00047 50448 50792 Flagellar hook-basal body complex protein FliE 
 00047 50806 52506 Flagellar M-ring protein FliF 
 00047 52493 53500 Flagellar motor switch protein FliG 
 00047 53507 54217 Flagellar assembly protein FliH 
 00047 54210 55541 Flagellum-specific ATP synthase FliI 
 00047 57526 56828 Flagellar basal-body P-ring formation protein FlgA 
 00047 57673 58047 Flagellar basal-body rod protein FlgB 
 00047 58053 58472 Flagellar basal-body rod protein FlgC 
 00047 58484 59167 Flagellar basal-body rod modification protein FlgD 
 00047 59200 60456 Flagellar hook protein FlgE 
 00047 60470 61204 Flagellar basal-body rod protein FlgF 
 00047 61298 62083 Flagellar basal-body rod protein FlgG 
 00047 62097 62753 Flagellar L-ring protein FlgH 
 00047 62753 63862 Flagellar P-ring protein FlgI 
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 00047 63862 64371 Flagellar protein FlgJ [peptidoglycan hydrolase] (EC 3.2.1.-) 
 00047 64398 65774 Flagellar hook-associated protein FlgK 
 00047 65823 66716 Flagellar hook-associated protein FlgL 
 00047 68283 69572 Flagellin protein FlaD 
 00047 69779 71317 Flagellar hook-associated protein FliD 
 00047 71338 71745 Flagellar biosynthesis protein FliS 
 00047 72033 73202 Flagellar hook-length control protein FliK 
 00047 73223 73705 Flagellar biosynthesis protein FliL 
 00047 73714 74466 RNA polymerase sigma factor for flagellar operon 
 00047 74479 75327 Flagellar motor rotation protein MotA 
 00047 75332 76333 Flagellar motor rotation protein MotB 
 00072 178098 178949 Sodium-type flagellar protein MotY 
 00073 22118 22878 Flagellar motor rotation protein MotA 
 00073 22936 23811 Flagellar motor rotation protein MotB 
 00082 15848 16474 Sodium-type flagellar protein MotX 
Hemolytic activity 
 00011 12829 11642 Hemolysins and related proteins containing CBS domains 
 00026 41949 40972 Leukocidin/Hemolysin toxin family protein 
 00026 45289 45053 Alpha-hemolysin family protein 
 00039 74861 74319 21 kDa hemolysin precursor 
 00066 301592 303409 Cytolysin and hemolysin, HlyA, Pore-forming toxin 
 00075 54188 55453 thermolabile hemolysin 
 00149 7743 9533 Cytolysin and hemolysin, HlyA, Pore-forming toxin 
Extracellular protease 
 00003 137612 138841 Secreted trypsin-like serine protease 
 00068 23526 22072 Exported zinc metalloprotease YfgC precursor 
 00068 44029 42482 Extracellular protease precursor (EC 3.4.21.-) 
Antibiotic resistance 
 00008 56144 57550 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00047 93363 91993 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00074 25495 24116 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00074 129186 130556 Multi antimicrobial extrusion protein (Na(+)/drug antiporter), MATE family of MDR efflux pumps 
 00017 7484 4368 RND multidrug efflux transporter; Acriflavin resistance protein 
 00017 65100 65798 Multiple antibiotic resistance protein marC 
 00021 38781 37591 Multidrug resistance protein D 
 00027 17841 17179 Multiple antibiotic resistance protein marC 
 00047 85501 84869 Multiple antibiotic resistance protein marC 
 00066 153385 154593 Multidrug resistance protein D 
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 00072 1461 4599 RND multidrug efflux transporter; Acriflavin resistance protein 
 00078 11890 13019 Multidrug resistance efflux pump 
 00091 148139 149173 Multidrug resistance protein A 
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Copejans, E.; Eggermont, M.; Seys, J. (2012). Flanders Marine Institute (VLIZ) /Laboratory of 
Aquaculture and Artemia Reference Center: Oostende, Gent. 1 poster pp.  
 
Developing a gnotobiotic challenge test system for blue mussel (Mytilus edulis) larvae [A1 
Meeting Abstract] 
Plovie, A.; Eggermont, M.; Nevejan, N.; Bossier, P. (2013). Fish and Shellfish Immunology 34(6): 
1729-1730.  
 
Stimulation of heterotrophic bacteria associated with wild-caught blue mussel (Mytilus edulis) 
adults results in mass mortality [A1 Journal article] 
Eggermont, M.; Tamanji, A.; Nevejan, N.; Bossier, P.; Sorgeloos, P.; Defoirdt, T. (2014) 
Aquaculture 431: 136-138.  
 
Photobacterium sanguinicancri sp. nov. isolated from marine animals [A1 Journal article] 
Bruno Gomez-Gil, Ana Roque, Guiomar Rotllant, Jesus L. Romalde, Alejandra Doce, Mieke 
Eggermont, Tom Defoirdt (2016) Antonie van Leeuwenhoek  
 
Isolation of Vibrionaceae from wild blue mussel (Mytilus edulis) adults and their impact on 
blue mussel larviculture. Eggermont M, Bossier P, Pande GSJ, Delahaut V, Rayhan AM, Gupta N, 
Islam S S, Yumo E, Nevejan N, Sorgeloos P, Gomez-Gil B, Defoirdt (2017) FEMS Microbiology 
Ecology. Submitted January 5 2017, Accepted March 9 2017. 
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International conferences 
APA2017 (July) 
Kuala Lumpur 
Isolation of Vibrionaceae from wild blue mussel 
(Mytilus edulis) adults and their impact on blue 
mussel larviculture. 
Oral 
presentation 
 Hemolymph extraction under the lens: visualization 
of the cardiovascular system of the blue mussel 
(Mytilus edulis). 
Oral 
presentation 
Aquaculture Europe 2014 
San Sebastian 
Isolation of blue mussel (Mytilus edulis) pathogenic 
vibrios from wild-caught adults  
Oral 
presentation 
Vibrio 2014  
Edinburgh 
Isolation of blue mussel (Mytilus edulis) pathogenic 
vibrios from wild-caught adults 
Oral 
presentation 
Aquaculture 2013  
Gran Canarias 
Isolation of blue mussel (Mytilus edulis) pathogenic 
vibrios from wild-caught adults 
Oral 
presentation 
 
Tutor of MSc students (year) 
2010-2011 Hong Van 
Cam 
 
Internship 
MSc. in Aquaculture Ghent University 
 
2010-2011 Ignacio 
Alvarez 
 
Internship 
Vigo University (Spain) 
 
2011-2012 Vyshal 
Delahaut 
 
Thesis: Development of a challenge test for the blue mussel 
Mytilus edulis 
MSc. in Aquaculture Ghent University 
 
2012-2013 Joan Anissa 
Sirri Tamanji 
 
Thesis: Development of a challenge test for the blue mussel 
Mytilus edulis 
MSc. in Aquaculture Ghent University 
2012-2013 Sandra 
Devos 
Thesis: The immune system of Mytilus edulis Development of 
a molecular toolbox to study the expression of immune genes 
MSc. in Industrial Sciences (Biochemistry) Thomas More 
 
2013-2014 Pim van 
Meerkerk 
 
Thesis: Development of a challenge test for blue mussel 
Mytilus edulis adults. 
Wageningen University (the Netherlands) 
 
2013-2014   Amy   
  Hunter 
  Internship 
  Stellenbosch University (South Africa) 
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2013-2014 Elsie Allocod 
Yumo 
Thesis: Characterisation and steering of the interaction 
between blue mussel larvae and vibrios 
MSc. in Aquaculture Ghent University 
 
2013-2014 Annelies 
Declercq 
Thesis: Visualization of the cardiovascular system of the blue 
mussel Mytilus edulis 
MSc. in Aquaculture Ghent University 
 
2014-2015 Suzan 
Demuynck 
Thesis: Characterisation of virulence factors and application of 
blue mussel pathogens in an adult challenge test 
MSc. in Industrial Sciences (Biochemistry) Thomas More 
 
2014-2015 Md Rayhan 
Ali  
Thesis: The Potential of Antivirulence Therapy against 
infection with Vibrio anguillarum in the Blue Mussel (Mytilus 
edulis)  
 MSc. in Aquaculture Ghent University 
 
2015-2016 Nipa Gupta Thesis: Evaluation of indole and indole analogues as potential 
antivirulence agents against vibriosis in blue mussel larvae. 
MSc. in Aquaculture Ghent University 
 
2015-2016 Shikder 
Saiful Islam 
Thesis: Impact of quorum sensing on the virulence of Vibrio 
crassostreae and Vibrio tasmaniensis in vitro and in vivo in 
blue mussel larvae 
MSc. in Aquaculture Ghent University 
 
2015-2016 Marie-Julie 
Tack 
Thesis: Evaluation of the growth and virulence of Vibrio and 
Photobacterium strains isolated from the blue mussel 
MSc. in Industrial Sciences (Biochemistry) Thomas More 
 
Languages 
Dutch Native 
English Full professional proficiency 
German Notion 
French Limited working proficiency 
Spanish Notion 
 
Computer proficiency  
Microsoft office      Professional competence  
  
 
